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Abstract 
This thesis describes the development of a new neutron single crystal diffractometer 
based on a large-area, horizontally curved position-sensitive detector and its applications to 
advanced structure analysis. 
In the first part of this thesis, an upgrade of the four-circle neutron diffractometer (FCD) 
conducted at the HANARO research reactor is described, which was based on the design 
features of the four-circle diffractometer (FONDER) at the T2-2 thermal guide in JRR-3M 
Japan, under collaboration with Tohoku University. Firstly, most of the mechanical parts 
were replaced by re-designed ones. A tube detector fabricated in the laboratory was installed 
to get a ~100 % detection efficiency at ~1 Å, and another type of detector for a future 
installation of a vertically focused neutron monochromator was made. A small-area, ~0.1 % 
efficiency 2-dimensional position-sensitive detector (2DPSD) was developed for direct beam 
adjustment and sample alignment in a low temperature environment. Its control and data 
acquisition system was completely upgraded. A new monochromator made of a Ge(311) 
surface normal slab was installed to get three wavelengths from Ge(311), Ge(111) and 
Ge(422) just by simply rotating the slab, which was developed under collaboration with 
Tohoku University. The procedures for zero-point correction, centering, and UB matrix 
refinement were intensively improved, and a profile checking routine was also developed. As 
a result of the upgrade, the throughput was improved from ~150 to ~1200 reflections per day 
on typical oxide materials, and the accuracy and precision to find Bragg spots were greatly 
improved. As recent collaborating studies with Tohoku University, magnetic structures of 
multiferroic compounds EuMn2O5 at low temperature and high pressure were successfully 
solved.  
In the next part, the development of two-dimensional curved position-sensitive neutron 
detectors is described for a high-throughput single-crystal neutron diffractometer. Based on 
the trial applications of a small, flat 2DPSD covering 17° each in FCD and FONDER, the 
target specification for a final curved 2DPSD (C-2DPSD) was defined as an angle range of 
150° x 60°, but first a prototype C-2DPSD (pC-2DPSD) covering 70° x 45° was considered 
to develop the required techniques and to find any buried practical problems. The pC-2DPSD 
has a structure of one anode plane and two cathode planes implemented in one PCB (printed 
circuit board) frame, and its position encoding is a delay-line readout method. This structure 
is very unique and has never been seen in the past. However, the total delay-time was found 
to be much longer than the designed value, owing to its huge capacitance for a wide area of 
 iv 
 
cathode planes, though all other features were quite satisfactory. The pC-2DPSD was tested 
first in the FCD site and moved to the FONDER site for field applications of single crystal 
diffraction measurements. During this period, the first version of the raw data processing 
code, PSPC, was developed to do a peak search and intensity extraction, and analysis code 
modules were tried and tested.  
Based on this pC-2DPSD experience, a full-scale curved detector, C-2DPSD, with twice 
the active area of the prototype was fabricated with a modified wire plane structure of the 
anode and separated cathode planes with mechanically optimized design parameters. The C-
2DPSD showed the expected detector parameters including the total delay-time of 270 ns as 
designed with an effective covering angular range of 110°×54° in the 2θ and χ directions, 
respectively, with a nominal radius of curvature of 530 mm. The C-2DPSD was installed in 
the dedicated new diffractometer at the ST3 beam port in HANARO. The diffractometer is 
equipped with a new mosaic monochromator of the Ge(311) surface normal made under the 
collaboration work with Toholu University, and two home-made super-mirror vacuum guide 
paths both before and after the monochromator position. The whole diffractometer system is 
currently in the final stage of commissioning, together with the development of the 
measurement methodology, and raw data processing and visualization software package, the 
Reciprocal Analyzer.  
In the last part, the commissioning and applications of the diffractometer are described. 
The commissioning incorporates the calibration of the instrument parameters using a NaCl 
laboratory standard crystal, background corrections, and dedicated sample environments to 
reduce an air scattered background to the large aperture of the C-2DPSD. As for the 
applications, and to demonstrate the strong points of the diffractometer, the following 
experiments were successfully performed, such as a crystallinity check on large-volume 
crystals using YMn2O5 of ~1x1x1 cm3 taken for just a 50 min measurement, crystallographic 
structure analysis on NaCl and a taurine single crystal for a large number of hydrogen 
elements. From the structural analysis of 154Sm0.55Sr0.45MnO3 relating the colossal magneto-
resistance effect, a new structure model was proposed, different from the reported one. 
Experiments of (TmxYb1-x)Mn2O5 single crystals for a rapid and precise analysis of dopant 
content in a single crystal as grown were performed. The structure analysis of Tb3Fe5O12 
using a low temperature cryostat with a 2 kG magnetic field was performed. Finally, a 
demonstrated measurement at a wavelength 2.204 Å from Ge(111) on a large unit cell 
volume system, Na2UMP•7H2O of 11956(15) Å3, was performed for future application to a 
biomaterial structure analysis. 
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1. Introduction 
Single crystal neutron diffraction has been used as a powerful technique for 
crystallographic and magnetic structure studies for more than half a century. Though several 
high flux research reactors have become available in the last few decades around the world, 
the method still has several drawbacks including the ever increasing strong demand for a 
much higher neutron flux for sophisticated tasks, and much larger single-crystal specimen 
volumes, usually ~10 mm3 at present, than required by X-ray analysis, and low data 
throughput, even under these conditions.  
Roughly speaking, the measurement time needed for typical laboratory X-ray single 
crystal diffraction (SCD) on ~0.1 mm3 specimen volume would be about 1~4 days at one 
temperature point, and for synchrotron X-ray SCD, is usually about 1 day for a ~10 µm 
sample. In contrast to the case of X-ray diffraction, modern research reactor-based neutron 
SCD takes ~3 days to 3 weeks for data acquisition for a typical specimen size of ~10 mm3. 
These days, some reactor-based Laue-type diffractometers already take typically 1 day for 0.1 
mm3 sample volumes for smaller unit-cell crystals, and newly built SCD machines at 
spallation neutron sources are targeting ~1 day for 0.1 mm3 sample volumes, which is similar 
to that for a laboratory X-ray case.  
In X-ray SCD, area detectors such as an imaging plate (IP) and charge-coupled device 
(CCD) have widely prevailed. On the other hand, the use of these area detectors has been 
relatively rare in neutron SCD. There are position-sensitive detector (PSD) type neutron SCD 
diffractometers such as BIX-3 [1] and BIX-4 [2] at the JAEA, LADI [3] and VIVALDI [4] at 
the ILL and KOALA at the ANSTO with an image plate detector, SXD [5] with a scintillator, 
CYCLOPS [6] with CCD, and a gas counter type PSD but with a different readout method 
such as PCS [7] at LANL, WOMBAT [8] at ANSTO and D19 [9] at ILL. Most of these 
machines target a broad range of biological or protein structural studies.[10] 
A new neutron single crystal diffractometer based on a large-area curved 2-dimensional 
position-sensitive detector (C-2DPSD) is installed at the beam port ST3 in the research 
reactor, HANARO, with the objective of a 1 to 3 day measurement time for an approximately 
1 mm3 specimen volume, as well as much faster measurements over a wider reciprocal space, 
even for large unit cell systems with unit cell volumes of up to 30,000 Å3, by reducing the 
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total measurement time to within the practically available beam time. This new C-2DPSD 
system is the main issue of the present thesis. 
The advantages of the IP method include a very large solid angle coverage under a 
pseudo-Laue or monochromatic beam by a relatively lower cost solution and film-like 
technology with a high spatial resolution of ~200 µm, and a large dynamic range of ~106. On 
the other hand, it is relatively vulnerable to the γ-ray background, lower signal-to-noise ratio, 
and most significantly, a slow readout time of ~5 min. A gas counter PSD type diffractometer 
is superior to an image plate one in terms of its high signal-to-noise ratio owing to its 
differential detection characteristic and very low γ-ray background, and the capability to be 
equipped with diverse sample environments. Although the local and global maximum count 
rates of the gas counter type PSD are relatively low, reactor-based neutron SCD signals fall 
within the proper range covered by a gas counter type PSD, and then a wide solid angle 
coverage would be a remaining problem. 
This thesis describes the development of a new neutron single crystal diffractometer 
based on a large area, horizontally curved position-sensitive detector, and its applications to 
advanced structure analysis. In chapter 2, the upgrade activity of the FCD at HANARO 
toward the single crystal structural studies is described under collaboration with Tohoku 
University with the four-circle diffractometer FONDER at the T2-2 thermal guide in JRR-3M, 
Japan.  
In chapter 3, trial applications of a small, flat 2DPSD (F-2DPSD) at both FCD and 
FONDER is described after the description of a general position-sensitive gas detector and 
specific delay-line detector. Based on these early works, the target specification for a final 
curved 2DPSD was defined as covering an angle range of 150° horizontally and 60° 
vertically. The development and testing and applications of the prototype C-2DPSD and full-
scale C-2DPSD are described together with the raw data preprocessing software development. 
The pC-2DPSD covers 70° horizontally and 45° vertically, and the fabricated C-2DPSD 
covers 110° horizontally and 54° vertically, respectively, with an improved internal cathode 
frame structure. The pC-2DPSD was tested first at FCD and then moved to FONDER for the 
field applications of single crystal diffraction measurements for 1 year. During this period, 
the first version of the raw data processing code, PSPC, was developed to do a peak search 
and intensity extraction, and analysis code modules were tried and tested.  
In chapter 4, the C-2DPSD installed in the dedicated new diffractometer at the ST3 
beam port in HANARO will be described. The diffractometer is equipped with a new mosaic 
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monochromator of the Ge(311) surface normal made under collaboration with Toholu 
University, and two home-made super-mirror vacuum guide paths both before and after the 
monochromator position. The diffractometer commissioning was finished together with the 
development of the measurement methodology, and the raw data processing and visualization 
software package, the Reciprocal Analyzer. The commissioning incorporates corrections and 
calibration of the instrument parameters using a NaCl laboratory standard crystal, background 
corrections and dedicated sample environments at room temperature and 10K low-
temperature cryostat to reduce air scattered background to the large aperture of the C-2DPSD.  
In chapter 5, for the applications and to demonstrate the strengths of the diffractometer, 
various applications are described such as a crystallinity check on large volume crystals using 
YMn2O5 of ~1x1x1 cm3 measured for just 50 min, a crystal structure analysis using the 
standard NaCl of 2x2x2 mm3 in size, and an organic compound, a taurine single crystal 2.61 
mm in diameter having a large number of hydrogen elements. The new finding is the 
structural analysis of 154Sm0.55Sr0.45MnO3 relating the colossal magneto-resistance effect, and 
the new structure model proposed is different from the reported one. Experiments of 
(TmxYb1-x)Mn2O5 single crystals for a rapid and precise analysis of dopant content in a single 
crystal as grown were performed. A structure analysis of the terbium iron garnet Tb3Fe5O12 
using a low-temperature cryostat and 2 kG magnetic field environment was performed. 
Finally, a demonstrated measurement at a wavelength 2.204 Å from Ge(111) on a large unit 
cell volume system Na2UMP•7H2O of 12025 Å3 was performed for future application to a 
biomaterial structure analysis. Even an extension to powder diffraction for kinetics studies or 
texture measurements could be shown. The diffractometer is now ready for everyday use and 
is about to be an instrument milestone of launching for users. 
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2. Upgrade of the Four-Circle Diffractometer 
2.1. Introduction 
In this chapter, the upgrade, actually a complete refurbishment of the four-circle neutron 
diffractometer (FCD) at the ST2 beam port in the research reactor HANARO for single 
crystal structural studies is described, which was based on the design features of the four-
circle diffractometer (FONDER) at the T2-2 thermal guide in the JRR-3M research reactor in 
Japan, under collaboration with Tohoku University [11]. When the development of a new 
diffractometer based on a large area PSD was planned, the FCD was decided to be upgraded 
first before everything because it had been used only for a texture measurement for nuclear 
and steel industries and universities for ~4 years, but its single crystal diffraction 
measurement was very poor in terms of accuracy of the peak search, widely varying peak 
profile, and positions and integrated intensities of the equivalent peaks. Prof. Y. Noda visited 
in early 2005 and inspected the status of the FCD instrument, measurement procedure and 
data quality, and then recommended an intensive upgrade with the required prerequisites. 
The overall upgrade plan was established based on the recommendations along with the 
continuous operation of FCD for texture measurement services for industries and universities. 
First, the mechanical parts, such as dance floor replacement to cover a wide range of 
diffraction angles in the positive and negative directions, a heavy shielded front box 
containing a monitor, a shutter, and two attenuators operated by pneumatic cylinders, and a 
rear box having automatically adjusted two beam masks and ON-OFF controlled two half-
shutters were installed and aligned. The beam path was replaced by a re-designed one to 
enforce the shielding against stray fast neutrons and gamma rays together with enforced 
HDPE (high density polyethylene) shielding plate walls attached to the old monochromator 
shield and surrounding the front box.  
The old tube detector was also replaced by a newly designed and fabricated one in the 
laboratory having a horizontally incident window to get a ~100 % efficiency on a short 
wavelength of around 1 Å, and another type of detector having a wide vertical incident 
window with a similar efficiency using a high pressure of 3He gas and detection depth was 
also developed for a future installation of a vertically focused neutron monochromator [12]. 
A small-area, ~0.1 % low efficiency 2-dimensional position-sensitive neutron detector (LE-
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2DPSD) was developed for direct beam adjustment and usual sample alignment in a low-
temperature environment [13]. Its control and data acquisition system was completely 
replaced by a newer system based on the Linux platform for simultaneous movement of all 
the motors and fast operation toward a higher throughput operation [14, 15]. 
Over several years, its monochromator has been tried and tested, and now the 
monochromator made of a Ge(311) surface normal slab was installed to get three 
wavelengths from Ge(111), Ge(422), and Ge(311) just by simply rotating the slab. The hot 
press Ge crystals were made under collaboration with Tohoku University. 
Several procedures for zero-point correction, centering, and UB matrix refinement were 
improved, and a profile checking utility code was also developed. As a result of the upgrade, 
the throughput was improved from ~150 reflections to ~1200 reflections per day on typical 
oxide materials, and the accuracy and precision to find Bragg spots were greatly improved, 
and the FCD is becoming a very crowded user instrument at HANARO. As recent 
collaborating studies with Tohoku University, magnetic structures of multiferroic compounds 
135EuMn2O5 at low temperature and high pressure were successfully solved [16-18]. 
 
 
2.2. Upgrade of the Four-Circle Diffractometer at HANARO 
2.2.1. Overall directions to the FCD upgrade 
Based on the first experience on neutron single crystal diffraction at FONDER and on 
X-ray single crystal diffraction using the X-ray four circle diffractometer, mxc, at Tohoku 
University together with recommendations by prof. Noda, a complete refurbishment and 
modification plan on the FCD for 2.5 years was made from the monochromator to the neutron 
detection, motion control and data acquisition system, and to the raw data preprocessing code 
for profile checking, as shown Fig. 2.1, in which all the parts denoted by blue were upgraded 
by the replacement, redesign, and additions, modifications, and improvement. 
The FCD shared the ST2 beam port with the high-resolution powder diffractometer, 
HRPD, by utilizing the lower beam cross section of the beam port, and there are in-pile 
collimators of open (~56’), 30’, and 20’, and another collimator for HRPD located between 
the single crystal diffraction monochromator (SDM) and powder diffraction monochromator 
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(PDM) position as shown in Fig. 2.1. For a long time, the in-pile collimator was used mainly 
for both FCD and HRPD, but since the upgrade activity, the in-pile collimator was put to the 
open position mainly for the FCD use and the HRPD collimator box (FCU, the first 
collimator unit) was separately selected properly for powder diffraction purposes. 
The monochromator installation for FCD was tried lastly in the upgrade, and the 
presently used Ge(311) mosaic monochromator crystal was installed in around early 2012, 
and is still under progress to implement a better monochromator. 
 
 
Fig. 2.1 Overall aspects of the FCD upgrade; M (Monochromator), F (Front box), S 
(Sample station), R (Rear box), D (Detector and shield), DF (Dance Floor) 
and C&DAQ (Control and Data Acquisition system) and SDM, PDM and 
FCU represent the single crystal diffraction monochromator unit, the 
powder diffraction monochromator unit and the first collimator unit. 
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2.2.2. Mechanical and physical aspects of the FCD upgrade 
In the old configuration of the FCD, there was only a beam shutter after the beam path in 
the monochromator shield and three collimators of different divergences before the detector. 
There were no such inlet beam intensity attenuators for high intensity peak measurement and 
no half shutters for peak centering, and thereby a precise UB matrix determination. This was 
one of the main reasons why the old configuration of the diffractometer produced very poor 
data quality and a UB matrix even for a high symmetry system of materials. 
 
 
Fig. 2.2 (top) A photo and plot on the front box between the monochromator and 
sample position and maximum linear count rates, and a photo and (bottom) 
schematic on the detector shield and the rear box before the detector 
containing two adjustable beam masks and two half-shutters. 
 
Based on the implementation of FONDER and the field conditions at FCD, the front box 
(F) containing the shutter, a monitor and two attenuators, and the rear box (R) containing two 
beam slits and two half shutters were newly installed and precisely adjusted using an optical 
theodolite and neutron beams. All the components inside the front box are operated by 
automatically controlled air cylinders, and the box itself has a layered shielding structure of 
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thick lead sheets, borated polyurethane rubber (BR) and boron polyethylene (BPE) sheets to 
reduce the scattered neutron and secondary γ-rays. The two attenuators were made of 
PMMA(poly-methyl-methacrylate, transparent thermoplastic and incoherent to thermal 
neutron) materials based a Plexiglass® plate, and their thicknesses were selected by the 
measurement of beam attenuation, as shown in top right side of Fig. 2.2. Thus, the first 
attenuator of 2.5 mm thickness gives a 35 % reduction, the second one of 5.0 mm a 62 % 
reduction, and both attenuators together produce a 78 % reduction under the maximum linear 
counting rate of 12 kcps of the FCD neutron counting system. Under the control of the 
instrument control program (ICP), the attenuators installed in the front box shown in Fig. 2.2 
(top left) could be inserted into the direct beam automatically when it detects a signal higher 
than 12 kcps, or post measurement could be done after selecting the reflections showing 
higher counts rate over 12 kcps. Just outside the front box, a manual beam mask made of only 
BR framed by a precisely machined Al block could be inserted to adjust the beam cross 
section at the sample position from a mask of φ1 mm to φ35 mm. The lower figures in Fig. 
2.2 show the rear box (left) for the slits and half shutters, and its schematic drawing (right) 
inside the rear box. 
Before the front box, the beam path was replaced by a re-designed one to enforce the 
shielding against stray fast neutrons and gamma rays together with the enforced shielding 
wall attached to the old monochromator shield and surrounding the front box. After two 
months of installation of the front box only, strong stray neutrons and the γ-ray dose were 
found around the front box and mostly in an upward inclined direction. Two radiation 
surveys of the neutron and γ-ray under beam-on and beam-off conditions produced a detailed 
radiation field map, and the beam path inside the monochromator shield was replaced again 
by a heavy shield structured one of Pb blocks, HDPE (high density polyethylene) plates, BPE 
blocks, and BR in multiple folds from a simply structured stepped steel block. All the 
Aluminum and Cd materials along the beam path through the front box were also removed, 
and Pb sheets were added to all the outer sides of the inside of the front box. The background 
radiation around the FCD was reduced greatly, but still the stray neutron background was 
estimated a bit higher, and finally a HDPE & B-PE plate wall of 100/50 mm in thickness was 
installed around the front box to the monochromator shield, and the radiation survey then 
showed a much reduced activity far less than the working guide level in the reactor hall of 
12.5 µSv/hr. 
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Fig. 2.3  Dance floor replacement. The FCD dance floor is a single unit monolithic 
granite dance floor for single-hole air-pad use. The newer one has a wider 
angular coverage of the detector module and space for other detector 
modules for easy replacement. 
 
In 2004, just before the upgrade activity, the moving mechanism of the FCD detector 
was changed to the air-bearing method based on a dance floor, as shown in Fig. 2.3, from the 
old mechanical cantilever moving structure. But the area of the dance floor was found to be 
inadequate to accommodate the required negative 2θ direction for a zero-point correction 
procedure, and it was again replaced by a much larger area thick monolithic granite floor, as 
shown in Fig. 2.3 (right), to solve the negative 2θ limit from -35° to -90° and to even 
accommodate an easy shift to other detector shield modules such as the other tube detector 
shield and PSD shield module (shown in Fig. 2.19 later). The air-bearing, also called simply 
an air-pad, is a single-hole type to make the detector module always-float throughout the 
entire experiment. This is made easily possible because the dance floor is a monolithic single 
plate without any connected granite plates and a single-hole air pad consumes very little 
compressed air. With the replaced stepping motor control system, this makes the 2θ arm 
move in a smooth, accurate, and precise way, and is much faster than the old configuration. 
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2.2.3. Monochromator change under the FCD upgrade 
When the FCD was first installed in around 1999, mosaic Cu(220) was initially installed 
but was quickly replaced with a mosaic Ge(331) monochromator giving 0.997 Å at a take-off 
angle of 45° due to a strongly absorbed beam for the PDM site. This monochromator had 
been used even after most of these upgrade activities were finished, and the new 
monochromator development work started in around 2008 because user demand for multiple 
wavelengths selection increased gradually as the FCD had been complying with users’ 
requirements for single crystal diffraction measurements after the upgrade activity. The 
development of a new mosaic Ge monochromator was conducted under the collaboration 
with Tohoku University.[19] 
Because the space inside the SDM position in the monochromator shield is limited, and 
more importantly, the PDM located downstream should have as high a flux neutron as 
possible, the monochromator was preferred to be a single object with low absorption possibly, 
with multiple wavelengths available, as shown in Fig 2.4. When the Ge slab is cut with [311] 
surface normal and oriented to its perpendicular directions, as shown in the right schematic of 
Fig.2.4, several other wavelengths could be selected by just rotating only the crystal against 
the incoming white beam to the fixed take-off angle of ~45° if the tilting of the reflection 
plane and its orientation is properly pre-aligned. [20] 
 
 
 
Fig. 2.4 A schematic representing the wavelength selection from Ge(311) surface 
normal slab monochromator. 
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The development of the mosaic Ge monochromator is described in more detail in section 
2.3. At present, the installed monochromator is a full-sized Ge(311) slab of φ100 mm in 
diameter, as shown in Fig. 2.5. When the slab was installed on the monochromator 
goniometer at the SDM position (See Fig. 2.1), the possible wavelength was selected, as 
shown in Table 2.1, as measured by the monitor and detector on the rotation of the 
monochromator unit against the direct beam direction to the sample position, as shown in Fig. 
2.6 (left). 
 
 
Fig. 2.5  Photos showing monochromator unit goniometer and the Ge(311) slab 
(left), and Ge(311) of φ100mm, 6mmT slab installed at 2008.10 (right 
upper) and new Ge(311) of φ100mm, 4mmT slab at 2012.2 (right lower). 
 
 
Fig. 2.6 Intensity plot from Ge monochromator by the detector and monitor counter, 
and comparison of monitor count values and flux measurement by Au-wire NAA. 
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By using a Au-wire neutron activation analysis (NAA) method, the flux at the sample 
position from the Ge(311) position was measured, as shown on the right side of Fig. 2.6, and 
compared with the count measurement at the monitor counter. The flux estimation for other 
possible wavelengths is summarized in Table 2.1. The flux measured by Au-wire NAA 
(neutron activation analysis) showed 2.30x106 n/cm2/sec at the front box outlet position, and 
1.68x106 n/cm2/sec at the sample position for the Ge(311) position with a 4 mm thick slab, 
which was ~87% of the old Ge(311) with a 6 mm slab of 1.93x106 n/cm2/sec.[21] 
 
Table 2.1 Possible wavelengths and their flux estimation at 2θM=45°. 
Crystal 
Angle 
position (°) 
Reflection 
plane 
λcal 
[Å] 
Ip 
@Monitor 
Flux ratio
[%] 
Au-wire 
NAA flux 
Flux 
estimated 
Remarks 
-9.46 Ge(511) 0.839 7 9.5  0.16x106 Short λ 
0 Ge(311) 1.314 57 100.0 1.68x106 1.68x106 Normal λ 
+10.09 Ge(422) 0.889 20 55.0  0.93x106 Short λ 
+29.57 Ge(111) 2.516 36 33.0  0.55x106 Long λ 
 
 
 
2.2.4. Detectors in the FCD upgrade 
A cylinder-type tube detector with a diameter of 50 mm was kept upright before the 
upgrade, and its detection efficiency was found to be around ~50 % at 0.997 A. A new type 
of detector was designed and fabricated for horizontal loading for a ~100% detection 
efficiency, as shown in Fig. 2.7. When the rear box design was made for the adjustable slits 
and half shutters, the active diameter of a new horizontally kept detector was also determined 
to be φ50 mm because the monochromator will be used as flat one for as little effect as 
possible on the flux for PDM after SDM in Fig.2.1. This in-house customized detector has an 
aluminum window of 2 mm thickness and 12.5 cm active length along the anode wire in the 
center, and was injected with 5 atm3 He gas for neutron detection and 1 atm of CF4 as a 
quenching gas, which resulted in over a ~98% counting efficiency at 1 Å neutron [22]. 
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Fig. 2.7 The newly fabricated detector to obtain a neutron detection efficiency of 
about ~100%. 
 
During the upgrade and utilization period, a newly designed monitor was also fabricated 
and successfully tested with a 2-dimensional MWPC structure, but its efficiency was very 
low at around ~0.1-0.01 % [13]. This low-efficiency position-sensitive detector (LE-PSD) 
has been used under direct beam conditions for monochromator alignment adjustment, 
sample mounting, and alignment under various environment conditions, as shown in Fig. 2.8. 
The left side photo in Fig. 2.8 shows the LE-PSD white-gray colored Al body and its 5 
preamplifier package on its right side, and the LE-PSD is closely attached to a 10K low-
temperature cryostat aluminum vacuum shroud. The right side photo shows a typical image 
pattern acquired by LE-PSD under this situation, in which the Cd ring glued around the 
vanadium sample rod clearly indicates where the sample, rather transparent in this case, is 
positioned. Since it is a counting detector, a numerical analysis such as the area image, 
contour plot, or histogram plot can be done if needed. 
With the success of this LE-PSD, a customized neutron monitor became normal for all 
the neutron spectrometers installed in the reactor hall and cold neutron guide hall at 
HANARO with a customized cross-section shape depending on their location and purpose, 
and even an LE-PSD monitor for the cold neutron guides with wide cross-sections was 
applied for a quantitative and real-time beam distribution measurement with less than ~0.01% 
detection efficiency of a dilute 3He gas or modest pressure N2 gas. 
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Fig. 2.8 2-dimensional low efficiency (<~0.1 %) PSD (LE-PSD) for direct beam 
measurement for beam alignment or sample environment adjustment. 
 
 
 
 
Fig. 2.9 Prepared rectangular shaped tube detector with wide vertical aperture with 
uniform, high efficiency for vertical focusing monochromator beam use. 
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A new idea for a detector for a four-circle neutron diffractometer with a vertically 
focused monochromator such as FONDER was proposed by Prof. Y. Noda because the old 
cylinder type tube detector’s vertical coverage was not enough to see all of the divergent 
beam cross section from the sample. This single wire detector should have both as wide a 
rectangular window and quite uniform flat detection efficiency over the window as possible. 
Since the beam is unidirectional to the detector and the signal is only a counting mode, the 
active volume of the detector box is smoothly chamfered inside to make a smooth field 
distribution, and the detection gas is filled with a high pressure of ~8 atm of 3He and CF4 gas 
over ~8 cm depth to produce an efficiency of over ~90% at 1 Å neutron. The fabricated 
detector is shown in Fig. 2.9 and its measured results of uniformity over the window are 
shown on the right side. One of the detectors was installed at FONDER, and the other one is 
for future installation at the FCD under a vertically focused monochromator case [12]. 
 
 
2.2.5. Control and data acquisition system 
The old control and data acquisition system (C&DAQ) was equipped with in-house 
developed stepping motor controllers and Windows-based in-house developed C-code 
program, and was used for 6 years just before the upgrade. However, the system had been 
developed mostly toward texture measurements and quite limited functions for single crystal 
diffraction measurements even under an orthorhombic crystal system. 
The motor controller in the new C&DAQ was changed from the in-house developed one 
to a commercial motion controller. The old motor controller was an independent unit box 
type controller/driver containing a controller and all the power drivers for 4 stepping motors 
with an RS-232C and RS-485 interface and a front panel manual keypad and an alpha-
numeric 4-line display, but its maximum current driving capability was low and the 
simultaneous movement of 4 motors was limited. It was user-friendly and easy to use but its 
performance was not proper for rapid movement for the four axes simultaneously. 
The commercial controller, OMS MAXp-8000 (http://www.pro-dex.com/motion-
control.aspx, Oregon Micro Systems), has a form factor of a personal computer PCI 
(peripheral component interconnect bus) slot plug-in card module connected with a wire 
connection board located in a cabinet for 8 stepping motors and their encoders, zero-point 
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and limit switches, too. All 8 commercial power drivers (https://www.inaom.co.kr/index.jsp, 
Oriental Motors) for the 8 stepping motors and their manual switches and signal lamps were 
integrated into a single box with the connection board in the first phase set-up. In addition, all 
of the motors were changed to 5-phase stepping motors to utilize more power under the given 
motor dimension and newly available high-speed, high-performance power drivers.  
In this stage, the 8 motors are connected with 4 degrees of freedom in the basic FCD 
functioning for sample orientation and diffraction condition such as (2θ, ω, χ, φ) and 4 
automatic movements of 2 beam masking slits and 2 half-shutters of the Left half-shutter and 
the Top half-shutter. The motors attached to the monochromator unit (tilting-linear in X&Y-
rotation) were disconnected when not in use (normal FCD operation) and connected with the 
4 motor drivers for slits and half-shutters when needed to adjust its tilting. The functioning 
and performance of this new motor control system were very impressive, and could be said to 
become roughly ~10-times faster than before with a very smooth operation. 
Around mid 2012, after the wavelength selective monochromator was installed, the 
motor power-drivers box became heat deteriorated due to its internally generated heat from a 
dense population of 8 drivers in a small space for ~7 years, and therefore 3 split motor driver 
boxes containing 4 drivers each were installed by replacing the old single box of 8 drivers 
together with the second motor controller, MAXp-4000, for a total of 12 motors. 
The counting channel is equipped with a simple counter module plugged into the 
personal computer slot or a NIM (Nuclear Instrumentation Module specification) based 
counter module located in a NIM bin, which is also manually controlled and displayed for 
easy access. Most of the time, the NIM based counter module is used. After the 2DPSD was 
applied, a separate NIM bin was added to the counting electronics and interfaced with an 
Ethernet or USB port. Currently, a USB port is commonly used. 
Temperature controller, Lake Shore 340 (http://www.lakeshore.com/products/ 
Cryogenic-Temperature-Controllers/Model-340/Pages/Overview.aspx), for the 4K closed 
cycle refrigerator cryostat, ARS DE-202G (http://www.arscryo.com/DE-202.html) is 
connected to a RS-232C port. There are other RS-232C, Ethernet, and USB ports for external 
modules connections for other auxiliary units for the experiments. 
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2.2.6. The instrument control program, the profile checker, and UB 
checker 
As stated in section 2.2.5, the old instrument control program (ICP) was developed in-
house using C-code on a Windows platform, but its functioning was very limited for SCD 
purposes, and thus the ICP was completely switched to SPEC, a commercially available ICP 
provided by the company, Certified Scientific Software (CSS, www.certif.com), which has 
been widely used for most X-ray and synchrotron instruments. 
The SPEC works on a Linux platform with macro-based operation mode for users. 
Therefore, a series of on-site macros were written and became a combined package together 
with publicly available ones to deal with various demands for operation and measurement. 
Though some of the hardware (HW) modules have a linux driver of their own, the SPEC also 
provides its own built-in drivers for a lot of hardware modules commercially available for 
scattering experiments. When the hardware-specific driver was not available for specific 
equipment, which was for the fast TDC (time-to-digital converter) interface for this PSD data 
acquisition, we had to work together to make a dedicated driver with CSS. 
When a set of reflections were collected in the past, the commercial plotting program 
Origin (www.originlab.com) was used for a peak profile analysis to extract the net integrated 
intensity and subsequent manual procedures to produce a reflection-intensity list of (h k l F 
σF). However, based on the experience of the Noda-lab’s general peak profile checker 
program, pChecker (http://www.tagen.tohoku.ac.jp/labo/noda/FONDER/FONDER.html), 
for the X-ray four-circle diffractometer and neutron single crystal diffractometer FONDER, 
the FCD specific profile checker, HanaSpec, was developed under the given SPEC scan data 
format, as shown in Fig. 2.10 because HANARO and Korean users were heavily oriented for 
Windows platform at that time. It was written using Python on Linux and ported to other 
platforms such as Mac OSX and Windows in addition to a Linux version for diverse user 
experience. This utility inputs the ‘scan data’ in a standard SPEC format, and outputs an 
intensity list, which is input data for the absorption correction by the program DABEX or for 
other structure analysis codes such as SHELX, corrected by background subtraction and the 
Lorentz factor. This FCD produced data in the SPEC format can now be read into pChecker, 
too, after a data format conversion [23]. 
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Fig. 2.10 A screen capture of a typical use of the profile checker, HanaSpec. 
 
Though the SPEC calculates the UB matrix in a 2-Bragg method or least-squared 
refinement using a set of reflections, it does not give us errors in the UB elements, and thus a 
separate module, HanaUB, was also made using Python to check the UB calculation with 
their estimated error to see any changes along with the specimen set-up with peak search and 
centering process measurements. 
 
 
2.2.7. Auxiliary equipment and Sample environments 
During the upgrade period, a 10-800 K cryocooler with a high-temperature interface, 
DE202G, from the company ARS (www.arscryo.com), was tailored to fit into a neutron 
single-crystal diffraction measurement on the sample can, thermal insulation, and vacuum 
shroud, as shown in Fig. 2.11. The normal cooling time to 15 K from room temperature was 
around ~90 min, and it took about ~60 min more to reach 10 K.  
It has been used successfully for over ~4 years and increasing users’ demand for a lower 
temperature down to 4 K or even 2.5 K resulted in a new closed-cycle refrigerator type 
cryostat down to 4 K using a DE204G cold head from the company, ARS, and in this time of 
tailoring, the tailored parts were fully revised to reduce background signals from those Al 
objects. 
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Fig. 2.11 10-800 K low-temperature cryostat and photos of its utilizations. 
 
This first version tailoring was good for general use but a lot of Al background signals 
affected the measurements mostly from the sample can, next the radiation shield and then the 
vacuum shroud. These background contributions from the three parts are shown in the upper 
and middle rows of Fig. 2.13. The green signal represents measured signals from the cryostat 
equipped with the sample can, radiation shield and vacuum shroud, but without a sample 
inside. The top left panel shows a comparison between the green signal and the signal (blue 
colored one) from the sample can only, and the right panel from the radiation only. The 
middle left is a comparison only with that of the vacuum shroud. This extra signal from these 
Al parts is a powder-like one, and thus a lot of single crystal Bragg peaks appearing in the 
region were affected with strong Al background signals. 
The old version of Al parts tailoring on the cryostat for sample mounting showed rather 
strong background signals and several broad peaks from the smaller diameters and thicker 
meat of aluminum from the sample can, radiation shield, and vacuum shroud. The revision 
was therefore focused on the new design with a bigger diameter structure and thinner meats 
of aluminum through a neutron path by adopting a beverage container with a thickness of 50 
µm, especially for the sample can. This new design is shown in the upper right of Fig. 2.12. 
Measured signals from the old 10-800 K and 4-300 K cryostats without a sample are 
compared and shown in the lower panel of Fig. 2.13. The background reduction by a new 
design was clear, and the old 10 K cryostat was also modified in the same way to reduce 
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background and any stray Al peaks from the aluminum parts. Now, both cryostats are used 
for these two single crystal diffractometers of FCD and Bio-D interchangeably. 
 
 
 
Fig. 2.12 New design, compared with the old one, of the sample can, radiation shield 
and vacuum shroud (upper left), and photos showing the sample can of 
thin wall (upper right) and the cryostat in use (lower). 
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Fig. 2.13 Comparison of the background signals from the two low-temperature CCR 
cryostats (bottom) and the signal contribution from the sample can, 
radiation shield and vacuum shroud, respectively, and altogether (top & 
medium). 
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2.2.8. Integrated test of the upgrade activity 
After most of the mechanical, physical, and electronic parts of the upgrade work had 
been done, integrated function tests were conducted using the NaCl laboratory standard 
single crystal of ~2x2x2 mm3 repeatedly to verify its performance change in terms of 
accuracy, precision, working speed, counting rate, handiness, etc. One of the dramatic 
improvements made in the early phase was the precision of the equivalent peaks according to 
the refined UB matrix, as shown in Fig. 2.14.[23, 24] 
The left panel in Fig. 2.14 shows peaks found by FCD after the UB matrix was 
determined before the upgrade because the centering process was poor before due to a 
manual procedure without the half-shutters. As clearly shown, the equivalent peaks of NaCl 
(111) appeared to be scattered over ~1°, and their integrated intensities were quite different 
with very poor reproducibility. However, after the upgrade activity, the same Bragg peaks of 
equivalent NaCl (111) appeared at the same position within 0.02°, and the reproducibility 
was also greatly improved. 
 
 
Fig. 2.14 Comparison of the accuracy and precision of peak finding before (left) and 
after (right) the upgrade with the axis origin correction, refined peak 
centering procedure and UB matrix refinement. 
 
Along with the upgrade activity, another impressive improvement was its background 
reduction. Though continuous efforts were made even before the upgrade, the background 
level was ~2.5/sec, as shown by the black marks in Fig. 2.15, in which the M30000 
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represents monitor counts for ~10 sec, and then just after the upgrade, its level was reduced 
by less than ~1/sec, as shown by the red and green marks in Fig. 2.15. 
At around the period of these improvements, comparison of FCD with FONDER was 
made by measuring their Bragg reflections using NaCl single crystal #3 from FONDER and 
perfect Si single crystal, and their analysis results as a resolution function over diffraction 
angle 2θ and wavelength calibration from diffraction spots (hkl) over 2θ are shown in Fig. 
2.16. In the resolution function curve of FCD shown in the left side of Fig. 2.16, the full 
width at half maximum (FWHM) is less than 0.5° in the range of -80°≤2θ≤+102° (in the 
figure, ω is expressed instead) and 2θ is two-times that of ω. In the wavelength calibration 
shown in the right side of Fig. 2.16, the reflections used are within the fitting range of 20°≤2θ
≤80°, and the calibrated wavelength with old Ge(331) mosaic monochromator was 
determined as 0.99635(8) Å, and the 2θ zero position was obtained as -0.006(4) with the 
given lattice constant of the crystal used as a=5.6526(2) Å 
 
 
 
Fig. 2.15 Background reduction trend of FCD during the upgrade (data from texture 
measurement). The black dots show the background level just before 
starting the upgrade, the red dots for early 2008, and the green ones show 
the background level at around the end of 2008. 
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Fig. 2.16 Resolution function of the FCD in terms of FWHM and wavelength 
calibration using NaCl single crystal during the upgrade phase. 
 
 
 
Fig. 2.17 Analysis result on NaCl#3 (left) and comparison of the data between FCD 
and FONDER (right). 
 
Analysis of the data taken by FCD on the NaCl #3 single crystal from FONDER gave 
RF= 1.1% after the extinction correction. The comparison of Fcal and Fobs is shown in the left 
side of Fig. 2.17. This result is very similar to that taken at FONDER in terms of R-factor and 
atomic displacement parameters and Debye-Waller factor B values, and a smaller extinction 
correction was applied due to the shorter wavelength 0.997Å of FCD compared with that of 
FONDER as 1.24 Å, as shown well in the right side of Fig. 2.17. Here, the blue points are for 
FONDER (λ=1.240 Å), and the red marks are for the present FCD (λ=0.997 Å). The drop of 
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|Fobs|2 against |Fcal|2 is due to the extinction effect, and the figure shows the |Fobs|2 vs |Fcal|2 
before the extinction correction. 
Recent periodic calibration results are shown in Fig. 2.18 with the position selections of 
the monochromator among Ge(422) 0.8892 Å in the top side, Ge(311) 1.3155 Å in the middle, 
and Ge(111) 2.5151 Å in the bottom side. The left sides are the wavelength calibration, and 
the right sides are for Fobs-Fcal comparison. The lattice parameters and estimated errors from 
the UB refinement are summarized in Table 2.2 for the NaCl structure analysis procedure 
[21]. 
 
 
Table 2.2 NaCl lattice parameters determined from UB matrix of the three wavelengths. 
wavelength Å A b c α β γ 
Ge(311), 
1.3155(2) 
5.654(2) 5.656(2) 5.657(3) 89.99(5) 89.98(5) 90.00(4) 
Ge(422), 
0.8892(1) 
5.652(1) 5.652(2) 5.655(3) 90.01(5) 89.98(5) 89.99(4) 
Ge(111), 
2.5151(3) 
5.649(1) 5.649(1) 5.652(1) 89.99(3) 90.00(2) 89.99(2) 
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Fig. 2.18 Wavelength calibration of the three selected positions of Ge(311) surface 
normal monochromator and their structure analysis results after the last 
installation of the Ge slab monochromator in March 2012. 
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2.3. Development of Ge mosaic crystal monochromator 
Neutron diffraction experiments can be done with a monochromatic neutron beam or 
white beam. As for a monochromatic neutron beam, i.e., a beam with a narrow bandwidth of 
wavelength, or energy around a specific wavelength, can be produced selectively by Bragg 
reflections of a mosaic crystal from the Maxwell-Boltzmann spectrum of neutrons from a 
research reactor, or by a neutron velocity selector. These mosaic crystal monochromators 
have been used extensively for the continuous neutron source of research reactors. 
The monochromatized wavelength can be given by the Bragg law,   = 2dsinθ, where d 
is the distance between the layers defined by the (hkl) index, and θ is the angle of incidence 
on the Bragg condition. The wavelength dispersion in the beam after the monochromator can 
be estimated by differentiating the Bragg law as  
θθλλ cot// Δ+Δ=Δ dd  
Here, the wavelength dispersion is governed by the mosaicity of the crystal Δd, usually 
assumed as a Gaussian distribution, and the incident beam divergence Δθ. This factor is 
related with the resolution of the diffraction. Another factor is the reflectivity of the 
monochromator used, which was modeled for a neutron case by Bacon and Lowde [25] and 
specifically described for neutron monochromators by Freund [26]. When the mosaicity is 
increased, representing imperfectness of the crystal, the reflectivity is also increased but the 
resolution becomes worse, and the other way around. In reality, even the best 
monochromators are not ideal mosaic crystals but exhibit primary extinction to some extent 
and have inhomogeneous distributions locally of both the orientation and size of the mosaic 
blocks, i.e., they are not ideally imperfect. 
In neutron diffractometers, another concern is the frequent question of whether a 
reflection or transmission geometry should be chosen for the monochromator of a 
diffractometer. While wavelength focusing occurs quite naturally in the transmission 
geometry, and the beam cross section can be changed in an asymmetric reflection geometry, 
the vertical focusing is easier to achieve for a reflection geometry, particularly if the focusing 
conditions such as the radius should be variable. But the crystal surface dimension should 
become very large at a smaller Bragg angle for a short wavelength selection, which is 
therefore another convenient point in a transmission geometry monochromator. Usually, the 
reflectivity in a reflection geometry is higher than that in a transmission geometry. In this 
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context, another concern is the dependence of the reflectivity on the materials for the 
monochromator crystal, which is usually characterized by the crystal quantity [26] defined by 
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where v is the unit cell volume of the material, FN is the nuclear structure factor for the 
specified reflection of the material, and the other factor is simply the Lorentz factor for the 
reflection by the material. The crystal quality is simply related with the scattering power FN 
of the crystal used divided by its unit cell volume. There are several monochromator 
materials widely used for diffractometers and spectrometers, such as highly oriented pyrolytic 
graphite PG, copper Cu, zinc Zn, silicon Si, germanium Ge, etc. 
Here for FCD and C-2DPSD based diffractometer we decided to use Ge from the start 
because Ge has useful characteristics such as no second-order reflections contaminated in the 
primary wavelength beam from a monochromator Ge(hhl) due to the forbidden reflection (2h 
2h 2l) of a diamond structure similar to Si, where h and l are odd integers only, and there was 
therefore no need to use a beam filter for second-order wavelength removal like PG. Also, Ge 
is available as high-quality single crystals and large volume supply commercially. However, 
Ge has a little bit higher absorption than Si, and the extinction effect due to a large volume of 
very high quality single crystal can suppress its reflectivity because the mosaicity 
introduction into this crystal is a kind of art in some sense and usually becomes non uniform 
mosaic distribution in quality and sizes of crystallites inside partly due to its ceramic property, 
which is rather different from the metallic monochromator crystal such as Cu. However, it is 
possible to have a well collimated beam without a fine collimator due to its nearly perfect 
crystallinity, which is also a useful property for single crystal diffraction.  
Another important point of consideration for a Ge monochromator is a relatively easy 
multiple wavelengths selection property described in Section 2.2.3 under a fixed take-off 
angle geometry of the monochromator shield, 45° in FCD and ~40° in the dedicated C-
2DPSD diffractometer described in Chapter 4. As shown in Fig. 2.4, the rotating angle 
needed to reach (422) from (311) surface normal is by ~10° and (111) by ~29° and (511) by -
~9°. Since the (111) rotation angle is rather large, an asymmetric reflection effect can have a 
significant effect on the texture measurements at the FCD, which needs rather large beam 
cross sections on the sample stage for an ~1x1x1 cm3 sample size normally. This is one of the 
reasons for a large area face of the single slab for the monochromator. 
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Introduction of mosaicity into the perfect single crystal block of Ge can be done by the 
hot-pressing method, which is pressing the Ge block or plates at temperatures below near its 
melting point (938 °C). There are several parameters for optimization to achieve the required 
mosaicity in practice, such as the furnace property like the temperature distribution over the 
Ge block space, furnace temperature profile over time, applied maximum pressure and 
maintaining time under the give pressure with temperature profile, cooling profile, etc. The 
mosaicity in the Ge slab, i.e., a circular shape plate, was generated by the hot pressing 
technique and the detailed procedure was based on the protocol developed by Miyake & 
Hiraka [27], but the size of the Ge(311) slab was much larger than the Miyake case because a 
single large area slab was to be used for both the FCD and C-2DPSD based diffractometer, 
and thus the T-P (temperature versus pressure) relation should be newly found. 
The first trial was done in summer of 2010 and the primary objective at that time was to 
practice the whole procedure to make Ge mosaic crystals from a perfect Ge crystal and to 
measure its rocking curves to evaluate its mosaicity and quality. High-quality Ge single 
crystals with a cutting face to be (311) surface normal plane were purchased commercially as 
a circular disk form (diameter φ100 mm × thickness 4, 6 & 8 mm). Before staring the hot-
pressing work, the Ge slab’s orientation should be found by X-ray Laue diffraction, and the 
two circular slabs of 6 mm thick were cut into rectangular pieces along the [011] and 233  
axes, as shown in Fig. 2.19 (a) and (b), and the cut out pieces are shown in Fig. 2.19 (c). 
 
(a)                      (b)                           (c) 
Fig. 2.19 (a) Orientation of the Ge slab used, (b) its typical Laue pattern to the 
orientation, and (c) the cutting process from the slab into rectangular pieces. 
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(a)                                     (b) 
Fig. 2.20 (a) Two pieces of rectangular slab of Ge crystal laid in between two 
alumina circular slabs of φ100 mm, and a view of the whole pressing tools 
after set up before heating, and (b) a schematic showing the hot-pressing 
protocol of temperature and pressure. 
 
Based on the Miyake hot-pressing protocol, we followed same method of 36 MPa but 
the pressing temperature (A °C) was increased to 770 °C from 750 °C as shown in Fig.2.20 
because data by Miyake et al. at that temperature exists, and this time, the area of 20x80x6 
mm3 of the pieces was larger than the case of 12x80x6 mm3. First, the temperature was raised 
to 700 °C in 1 hour, and to the target temperature in 1.5 hours, stayed in thermal equilibrium 
for ~1 hour, and then pressed to the target pressure for 30 seconds. After keeping the hot-
pressing state for 30 seconds, the furnace heater was turned off and then natural cooling 
commenced. Here, we had two different procedures. One is to release the pressure at the time 
of turning the heater off, and the other is to keep the pressure down to temperature 650 °C, 
and the pressure was then released and the Ge crystal was naturally cooled down in the 
furnace, usually for ~20 hours. 
Six pieces were processed and their rocking curves were measured, but three of them 
were found to be broken when the hot-pressing procedure was finished, and their rocking 
curves were scattered in terms of the full width at half maximum (FWHM) and peak 
positions. This suggests that the pressing condition cannot be reproduced as Miyake et al did. 
Thus, we need more tests for obtaining the reproducibility and optimal conditions. One of the 
changes after this work phase was an introduction of a new furnace to achieve a more 
uniform temperature profile by changing the furnace structures from two half blocks to a 
well-shielded box with a front side door, as shown in Fig. 2.21 Fig. 2.21 Fig. 2.21 (a). As 
before, a temperature tracking profile versus time to the hot-pressing temperature protocol 
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was recorded and a detailed temperature distribution in the furnace central area for a slab to 
be placed was measured to guide the consideration and analysis of the process. 
 
 
(a)                     (b)                        (c) 
Fig. 2.21 (a) New furnace to achieve better temperature distribution inside and center, 
(b) photos showing the conditions of tools and Ge slabs for hot-pressing, 
and (c) typical appearances of Ge circular slabs after the hot-pressing. 
 
 
 
Table 2.3 Hot pressing protocol parameters for φ100 mm circular Ge(311) slab. 
Slab  #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12 
A (°C) 850 860 870 870 900 945 940 930 930 920 940 940 
W (hrs)  1 1 1 1 1 2 2 2 1 1 2 2 
P (MPa) 60 60 60 60 60 38 58 60 60 58 64 64 
S (sec) 30 30 30 30 30 30 30 30 60 60 30 30 
Insulator N N N T T T T T T 
T 
& 
B 
T 
& 
B 
T 
& 
B 
Thickness 6 6 6 4 4 4 4 4 4 4 4 6 
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The Ge circular slabs were laid in between two alumina plates in the hot-pressing 
machine with newly made auxiliary stainless block tools for pressing, as shown in Fig. 2.21 
(b), and its hot-pressing temperature profile described by the schematic in Fig.2.20 (b), and 
various parameters for Ge(311) slabs are summarized in Table 2.3. Here, the strategy was to 
have a higher temperature and around maximum available pressure under the large area of 
φ100 mm circular slabs of a ~78.5 cm2 surface area because the range of pressing machine 
could not give similar pressure over this larger area, as in the Miyake protocol. Typical 
appearances of the surface after the hot-pressing process are shown in Fig. 2.21 (c). 
Sometimes a portion of the meat of the Ge slab was taken away, and the circumference of the 
slab became oxidized at higher temperatures.  
However, all of these slabs gave ~15’-18’ of FWHM of rocking curve and a rather 
serious non-uniform distribution over the surface in general, as shown in Fig. 2.23. In 
addition, even a much longer waiting time at the target temperature could not produce a 
uniform temperature profile over the whole surface, and even a high temperature of up to 
940 °C reading by the furnace temperature controller, in which the circumference of the 
circular slab was close to the melting temperature of Ge, but the central part of the slab, still 
lower by ~80 °C than the circumference, could not produce a uniform mosaic spread over the 
volume, even though the slab’s circumference region became highly oxidized and fragile, as 
shown in Fig. 2.5. In Fig. 2.22, it is clear that the temperature profile by the furnace was not 
uniform, and even the center area was cooler than the circumference, which means that the 
slab area should be much smaller than φ100 mm to achieve a uniform temperature profile, 
and the red line in the right figure in Fig. 2.22 suggests a 50 mm x ~80 mm slab size for a 
better temperature distribution over the slab body. At present, the monochromators installed 
at the FCD in around February 2012 and at Bio-D in around mid 2011 are a full-sized Ge(311) 
slab of φ100 mm diameter #11 for FCD and #2 for Bio-D, respectively. 
As the waiting time was longer than several hours under higher temperatures, there was 
a trend for a portion of the meat of the slab to be taken off from the clean surface of the slab. 
It therefore limited the available area of the pressed slab at high temperatures under the given 
hot-pressing furnace.  
Then, more systematic efforts to produce mosaic slabs of better reflectivity are still 
under way around the temperature range of 775~800 °C and pressure range of 30~40 MPa on 
4~6 mm thick slabs to produce mosaic crystals of ~20-25’ mosaicity with reduced area than 
φ100 mm, possibly rectangular shape ones. A number of smaller pieces of Ge slab were 
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prepared, and the old oil-cylinder type pressing device was replaced by a new one with a 2-
times higher pressure capability. A typical case is shown in Fig. 2.23, and its hot-pressing 
parameters are summarized in Table 2.4. Here, slab #1 is the top piece in the figure, and slab 
#2 is the bottom one. 
 
 
 
(a)                                   (b) 
Fig. 2.22 FWHM distribution over the surface of Geφ100 mm slabs: (a) a slab of 8 
mm thick T with pressing temperature of 830 °C and pressure of 24.8 MPa, 
and (b) a slab 6 mm thick with pressing temperature of 940 °C and 
pressure of 11.0 MPa. 
 
 
 
 
 
Fig. 2.23 Ge slab preparation and comparison of rocking curves between #4 and #2 slabs. 
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Table 2.4 Hot pressing protocol parameters of rectangular shape Ge(311) slab. 
Slab # #1 #3 #4 #5 #2 
Area (cm2) 7.84 17.6 19.9 18.1 8.75 
P_effective  (MPa) 40.0 40.0 40.0 40.0 40.0 
Pressing Temp.(°C) 800 800 800 800 800 
Pressing duration 30 sec & release 
30 sec 
&to 750 
30 sec 
&to 700 
30 sec 
& release 
30 sec & 
release 
 
Here, all slabs were pressed by the same pressure of 40 MPa independent of their 
apparent surface areas and same pressing temperature of 800 °C, but the pressing scenarios 
are different from each other by the same 30 sec pressing at the pressing temperature and then 
just press release as before, or by keeping the pressure down to a lower temperature of 
750 °C or more down to 700 °C. The best slab in terms of rocking curve profile, peak 
intensity, and FWHM, as shown in Fig. 2.24, was slab #4, which had a pressing at 800 °C for 
30 sec, with the heater turned off and keeping the pressure down to 700 °C, at which the 
pressure was released. The peak intensities from the 5 slabs along the points on the longer 
side of the slab with 1 cm spacing as position 5 at center are plotted, in which the top and 
bottom slabs with a crescent shape show much worse characteristics even though most of the 
other working parameters were the same and two slabs of #4 and #3 were similar to each 
other with much better performances, and #5 is in between the two groups.  
The most prominent differences among these slabs are the pressing scenarios described 
above. This is very similar to the FWHM in terms of uniformity and rocking curve symmetric 
shapes. The pressing at the target temperature and keeping the pressure until the lower 
temperature looks important to achieve a good mosaicity. However, this temperature is just a 
reading temperature of the furnace, and is therefore highly dependent on the furnace property 
itself. In the Miyake case, it was 650 °C, and in this case 700 °C gave better results from the 
experiments thereafter. 
Similar works were done to make the plot of mosaicity on ‘Temperature versus Pressure’ 
for Ge(311) surface normal with a few specified surface areas as shown in Fig. 2.25.  
At present, the installed monochromator at both FCD and Bio-D are still the full-sized 
Ge(311) slab of φ100 mm in diameter. When better mosaic crystals are obtained, they will be 
replaced by the better one, too. The flux estimation for possible wavelengths from a C-
2DPSD based diffractometer is summarized in Table 2.5. The flux measured by a Au-wire 
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NAA showed 1.88x106 n/cm2/sec at the sample position for the Ge(311) position with a 4 
mm thick slab. 
 
 
Fig. 2.24 Peak intensity and FWHM of the rocking curves for the five slabs in Fig. 
2.24. Slab #3 and especially #4 show good performances. 
 
 
Fig. 2.25 Typical protocol for the hot pressing to make T-P data and the T-P plot of 
mosaic spread in terms of FWHM of rocking curves on temperature vs 
pressure of the hot pressing on Ge(311) surface normal slabs. 
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Table 2.5 Possible wavelengths and their flux estimation for a C-2DPSD based diffractometer. 
Angle 
position (°) 
Reflection 
plane 
λcal 
[Å] 
Flux ratio*
[%] 
Au-wire 
NAA flux 
Flux 
estimated Remarks 
0 Ge(311) 1.153 100.0 1.88x106 1.88x106 Normal λ 
+10.09 Ge(422) 0.736 60.0 - 1.13x106 Short λ 
+29.57 Ge(111) 2.204 30.0 - 0.56x106 Long λ 
 
 
 
2.4. Conclusion and future works 
For about three years from 2005 to 2008, an upgrade of the FCD was conducted shown 
by the photos chronologically in Fig. 2.26, except for the Ge(311) monochromator developed 
later, along with 2/3 beam times allocated for user service, though the HANARO reactor 
operation days were also reduced by ~one half of the normal ~180 operation days per year 
during these years because of heavy engineering facility installation. As a result of the 
upgrade, the overall throughput was improved from ~150 reflections to ~1200 reflections per 
day for typical oxide materials, the accuracy and precision to find UB matrix and the Bragg 
spots were greatly improved, and the FCD is becoming a very crowded user instrument at 
HANARO. Based on recent collaborating studies with Tohoku University, magnetic 
structures of multiferroic compounds 135EuMn2O5 at low temperature and high pressure were 
successfully solved.  
Based on the stabilized operation of FCD, the development of a new single crystal 
neutron diffractometer based on a large area curved position-sensitive detector could be 
commenced thereafter. Firstly, the small area flat-faced 2DPSD (F-2DPSD) was applied as a 
trial use of PSD for diffraction purposes, as shown in the bottom row of Fig. 2.19, which 
shows the history of the upgrade process for this decade. The details of F-2DPSD will be 
described in the next chapter.  
Even the old major applications of texture measurement were greatly improved from its 
throughput of ~1.5 sets of one measurement to over 4 sets of measurement per day with much 
better data quality, in which one set of measurement comprised 3 poles and 1 background 
measurement for cubic systems. FCD can accommodate more beam time demand for texture 
 37 
 
works even after the upgrade, though more than ~75 % of the total available beam time was 
allocated for single crystal measurements, which was less than ~10% before.  
The upgrade became very successful scientifically, technically, and even in many 
aspects of hands-on training, experiences were accumulated in-house. However, there are still 
several points of improvement, such as a more user friendly instrument operation mode, 
especially its instrument control program, with many utilities of on-line crystallographic 
calculations and visualizations, and a novel sample environment for pressure, magnetic field, 
and electric field combined with a cryostat or furnace. Also, a stable scientific program 
should be established as an instrument research team based on local and domestic conditions 
and international environments. 
 
 
Fig. 2.26 Photos showing the change of FCD along with the upgrade activity from the 
first installation and modification (top row), the beginning of the upgrade in 
late 2004 to 2008 (middle row) and early trial use of PSD at FCD toward a 
large area C-2DPSD (bottom row). 
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3. Development of the curved position-sensitive 
detector, C-2DPSD 
3.1. Introduction 
Single crystal neutron diffraction is a very powerful technique for crystallographic and 
magnetic structure studies. However, the method has several drawbacks: the necessity of a 
high neutron flux at the sample position, a much larger single-crystal specimen volume 
(usually ~10 mm3) than required by X-ray analysis. Therefore, experiments employing this 
technique are typically very time-consuming and relatively complicated compared to powder 
diffraction works, since several hundreds to thousands of Bragg peaks are usually collected 
for each set of environmental conditions such as temperature, pressure, magnetic or electric 
fields. To overcome these throughput restrictions, the development of a large-area curved 
two-dimensional position-sensitive neutron detector (C-2DPSD) has been tried. The final 
objective was to achieve the measurement capability for 1~3 days with an approximately 1 
mm3 sample volume and much faster measurement over a wider reciprocal space, even for 
large unit cell systems with unit cell volumes of up to 30,000 Å3, by reducing the total 
measurement time to within the practically available beam time. 
First, the conventional flat 2DPSD (F-2DPSD) was applied to try to measure the 
diffraction signal and evaluate its feasibility for a structural analysis [28, 29], which consisted 
of two separate flat wire-frames for the X & Y direction cathode planes and a flat wire-frame 
for the anode plane. The F-2DPSD covers the active angular range of 17°×17° in X (i.e., 2θ) 
and Y (χ) directions, respectively, under a four-circle geometry. Based on experience using 
this flat-area detector, we concluded that the final version of the curved-area detector should 
be much larger, ideally covering the angular range of 150°×60° in 2θ and χ directions, 
respectively, with a radius of approximately 530 mm if possible.  
At that time, it was too wild a scheme to challenge that large area curved one straightly 
from the small flat area detector. Several ideas were proposed for the mechanism of the 
curving structure for the C-2DPSD. One was to use just 1DPSD in a vertical manner with 
multi-1DPSDs arrayed and composed as a curved two-dimensional detector. The other was to 
use a very thick wire as a curved anode to maintain its shape, especially for curved 1DPSD, 
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C-1DPSD. There is not yet a well-established way to fabricate a C-2DPSD economically and 
relatively easily.  
We therefore decided to first attempt to fabricate a prototype in order to demonstrate the 
feasibility of a curved structure 2DPSD with a relatively medium sized dimension, and to 
build and accumulate experiences in using such a detector for structural studies. The 
prototype curved detector covering 70° horizontally and 45° vertically was first developed to 
test the technical feasibility of the detector parameters and the internal anode and cathode 
structures for the curved shape, technical difficulties in the assembly procedure, and so on. 
Then, based on this experience, a full-scale curved detector with twice the active area of 
the prototype was fabricated for a high-throughput single-crystal neutron diffractometer with 
newly modified anode and cathode planes and optimized design parameters in terms of the 
mechanical and electric properties, and so on, which resulted in .covering 110° horizontally 
and 54° vertically. The detector was installed in the dedicated diffractometer at the ST3 beam 
port of the research reactor HANARO. The delay-line readout method for decoding of the 
positions of the neutron counts in the detector was maintained. In this chapter, the fabrication, 
characteristics, and operation of both the prototype and the larger area C-2DPSD are 
described 
 
3.2. Neutron detection and position-sensitive detection of neutron 
3.2.1. Neutron detection 
Neutrons cannot be detected directly like any other charged particles, and thus 
secondary particles are detected such as electron e-, proton p or α particles produced by 
nuclear reactions, as shown in Fig. 3.1. Among these reactions, 3He is used solely in a gas 
proportional detector and 10B is used as a thin converter foil or in the form of 10BF3 in a gas 
proportional detector, 6Li as a thin converter foil or a scintillator such as LiF and LiI, and 
155Gd, 157Gd, or just natural Gd, as a converter foil in a metallic form or a partial constituent 
of a phosphor materials, and 235U as a converter foil for neutron monitor purposes. Some of 
these reactions have been used for neutron shielding purposes, too. 
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Fig. 3.1  Possible nuclear reactions for neutron detection. 
 
Thermal neutron detection is based on nuclear reactions, whose products determine the 
ultimate position resolution of the detector, but the choice of detector technology for a 
particular application is determined based on the experiment’s requirements with respect to 
additional detector characteristics, such as efficiency, counting rate capability, required size 
or dimension, whether or not dynamic studies are to be performed, sensitivity to background 
radiation such as gamma-rays, and position stability as a function of time.  
Based on these nuclear reactions, neutron detectors can be developed in various ways to 
comply with widely differing application requirements such as gas-filled detectors of co-axial, 
multi-wire, and micro-strip geometries, a hybrid micro-patter detector using a neutron 
converter such as Gd, scintillation detectors of 6LiF and Gd compounds, and CCD image 
plates [30]. 
Gas filled neutron detectors are still one of major neutron detection methods for neutron 
diffraction and scattering fields because they have the following good properties: 
• Good detection efficiency (usually  > ~60 % @ 2 Å) 
• Good position resolution (usually  < 1-5 mm) 
• Excellent γ-background rejection ( > ~10-6) 
• Low radiation damage (long term stability, usually  > 5-10 years) 
• Large active (sensitive) area and design flexibility in size, shape  
• Variety of readout methods, charge sensitive or pulse counting 
• Low cost relatively 
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Fig. 3.2  Neutron detection principle in a gas-filled detector. 
 
These properties are still valid even though there are many different types of neutron 
detectors available these days and the cost of 3He gas has become very high over the last 5 
years. The detection mechanism in the gas-filled detector is summarized in the following way 
as shown in Fig. 3.2: 
• Nuclear interaction with incident neutron 
• Gas ionization by ejected particles 
• Electron drift and acceleration to the anode 
• Amplification by the gas multiplication near anode wire 
The reaction by which neutrons are stopped in 3He is 
3He + n → 3H + p + 0.764 MeV 
The energetic reaction products, a 191 keV triton(3H) and a 573 keV proton(p) from 764 
keV, are emitted in opposite directions, as shown schematically in Fig. 3.3. The ionization 
charge centroid of the two particle tracks is displaced significantly from the neutron 
interaction position because the proton is more heavily ionizing than the triton, and also has a 
larger range. It is a displaced centroid that the position-sensitive cathodes of the detector 
measure, independent of the electronic encoding principle. The loci of centroids from many 
events describe a sphere; when projected in one dimension, these loci describe a rectangular 
distribution whose width is equal to the diameter of the sphere. In practice, range straggling 
of the triton and proton, and electronic noise, introduce a small broadening term, and the 
resulting distribution is shown by the dashed lines in Fig. 3.3, but the FWHM would be equal 
to that of the rectangular distribution. It is possible to show that, to a good approximation, the 
displacement of the total ionization centroid is 0.4 Rp, where Rp is the proton range; thus, the 
FWHM position resolution is 0.8 Rp.[31] 
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Fig. 3.3 Representation of thermal neutron interaction with 3He nucleus. The neutron 
+ 3He reaction products (p + 3H) are emitted in the opposite directions. 
The greater range and ionizing power of the proton results in a 
displacement of the ionization centroid from the interaction point. 
 
 
 
Fig. 3.4  Neutron detection and counting signal production by nuclear electronics. 
 
The charges collected at the anode wire are put into a preamplifier and then through a 
nominal nuclear electronics channel comprising a linear amplifier and a discriminator to the 
counting module in its last phase in normal neutron counting experiments, as shown 
schematically in Fig. 3.4, in which the detection gas is 3He. There are usually ~25,000 ions 
and electrons produced per neutron, which is equivalent to ~4x10-15 coulombs. 
The spatial resolution and detection efficiency of the 3He gas-filled detector are 
described in Fig. 3.5. As shown in Fig. 3.5 (a), the proton range in a pure 3He gas is quite 
large because the range varies inversely with the density of the gas and the pressure of the gas 
in the detector, and so it is necessary to add additional gas to the detection gas to improve its 
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spatial resolution properly by reducing the proton range. From these curves, it is clear that 
propane (C3H8) or carbon tetrafluoride (CF4) is an appropriate choice as an additive to 3He 
for the proportional chamber gas. Although the higher hydrocarbons have even greater 
stopping power, there are several reasons that render them unsuitable in this application; they 
are more likely to form anode wire deposits under intense irradiation, and they are 
incompatible with most forms of a gas purifier. Another factor to be considered is that the 
quenching gas should have a relatively low photon absorption cross section because the 
detector would be often used under a high background radiation of photons such as an X-ray 
or gamma-rays.  
In our case, CF4 has always been used as a quenching gas because it is the most effective 
and has fewer anode wire deposits. In addition, we do not use any gas purifier attached to the 
detector. This choice has pro and cons for the long-term use of a detector under service. 
When a closed loop purifier is equipped together with the detector, regular maintenance can 
be done easily to make the gas mixture as a highly pure state after several years of intense use, 
but this makes the detector shape and dimension bulky and complicated with the tubing and 
devices, and the detector shield will be heavier and more voluminous. These are not very 
good characteristics for end users of the detector of most diffractometers, but would be easily 
acceptable for SANS (small angle neutron scattering) users because their detector will be 
located inside a huge detector chamber in a naked state. 
The detection efficiency of a detector is closely related with the pressure of the detection 
gas, now 3He, detection depth given by the geometry of the detector, and the neutron 
wavelength used. This is described in Fig. 3.5 (b), where the abscissa has an arbitrary unit of 
multiplication of three parameters of pressure, depth and wavelength. 
Point a in Fig.3.5 (b) represents the efficiency of ~55% at a 3He pressure of 5 atm, 
detection depth of 2 cm, and 1 Å neutron, and point b represents the efficiency ~80% at a 
pressure of 5 atm, detection depth of 2 cm, and 1.8 Å neutron, and point c represents 93% at a 
pressure of 2.5 atm, detection depth of 3 cm, and 4.5 Å neutron. 
In our case of a single crystal diffraction, a shorter wavelength of around 1 Å is 
preferred to reach a higher number of momentum transfer (~sinθ/λ) in most cases, and thus 
we need quite a high pressure of 3He gas to reach an appreciable efficiency around or over 
point a. 
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(a) 
 
(b) 
Fig. 3.5 The spatial resolution and detection efficiency of 3He gas detector: (a) the 
upper schematic shows the ionization centroid, i.e., the change cloud 
formed by the reaction between neutron and 3He, and the plot shows the 
proton range versus various gases. (b) The plot shows the detection 
efficiency versus the gas detector parameters of pressure, detection depth, 
and neutron wavelength; see the text for a description on points a, b and c.  
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3.2.2. Position-sensitive detection of neutron 
Position sensing together with the neutron detection is used to localize charges, i.e., 
charged particles in the detector space, and this kind of smart way of detection started in the 
late 1960s, with the invention by Charpak of the multi-wire proportional chamber, named a 
‘Wire Chamber’[32-34], and this made it possible to localize the detected position of 
neutrons and X-ray photons with millimeter accuracy over the detection areas even exceeding 
a square meter and high reliability. This has revolutionized many fields of science, and 
resulted in a wide variety of position-sensitive detectors. 
Though there exist many other neutron detectors, comprising scintillators, scintillating 
fibers, a variety of solid-state devices and others, in addition to gaseous detectors such as 
multi-wire proportional counters, micro-strip gas chambers, etc., gas-filled detectors and 
especially the MWPC (multi-wire proportional counter) have been continuously improved 
and persisted owing to their inherently good properties, as mentioned in 3.2.1, such as a large 
active area and flexible geometries, relatively simple and economic fabrication cost, variety 
of real-time readout techniques, high gas-multiplication factors, high sensitivity, good spatial 
resolution and timing resolution, and relatively high counting rate dynamic range. However, 
it usually has a poor energy resolution and lower detection efficiency for higher energy 
radiation. Position-sensitive gas-filled detectors are mostly custom-made and so often require 
highly trained experts in their design and fabrication, and well-trained users or operators. 
In the last decades, there have been considerable R&D activities in two-dimensional 
imaging detectors in X-ray and neutron diffraction fields complying with newly appearing 
bright sources such as synchrotron light, and the current research trend is that wire chambers 
are being replaced by wire-less detectors, advanced micro-pattern electron multipliers, which 
offer an order of magnitude improvement in spatial resolution and counting rate capability 
[30]. However, the MWPC is still the only practical solution from gas-filled detectors for 
detectors of large active area, flexibility in shape, rigid and long-term stable operation under a 
high radiation environment. 
Area detectors such as an image plate and CCD have widely prevailed in X-ray single 
crystal diffraction. On the other hand, in neutron single crystal diffraction, the use of area 
detectors has been relatively rare, but an image plate and MWPC are commonly adopted for a 
diffractometer’s neutron detection apparatus. There are PSD type diffractometers such as 
BIX-3 (Tanaka et al., 2002)[1] and BIX-4 (Kurihara et al., 2004)[2] at the JRR-3M research 
 46 
 
reactor, LADI (Cipriani et al., 1995)[3] and VIVALDI (McIntyre et al., 2002)[4] at the 
HFR/ILL as an image plate-based diffractometer, or a gas counter type PSD but with a 
different readout method such as PCS (Kovalevsky et al., 2010)[7] at LANL and D19 
(Forsyth et al., 2001)[9] at ILL. Most of these machines target a broad range of biological or 
protein structural studies (Blakely, 2009) [10]. 
The advantages of the image plate (IP) method include a very large solid angle coverage 
under a pseudo-Laue or monochromatic beam by a relatively lower cost solution and film-
like technology for signal counting to produce a high spatial resolution of ~200 µm, and a 
relatively large dynamic range of ~106. On the other hand, they are relatively vulnerable to 
the γ-ray background and long exposure time due to their integration detection characteristics 
from the photographic technique, which accumulates both signals and backgrounds together 
over the whole measurement time. The MWPC type diffractometer is superior to the image 
plate one in terms of its high signal to noise ratio due to its differential detection 
characteristic and very low γ-ray background, and the capability to be equipped with diverse 
sample environments. Though the local and global maximum count rates of the MWPC are 
relatively low, reactor based neutron SCD signals fall within the proper range covered by it, 
and wide solid angle coverage as much as possible will be a remaining problem. 
In the X-ray area detector diffractions, IP and CCD based measurements dominate under 
the usual environments of high intensity X-ray sources such as a rotating anode generator or 
synchrotron X-rays, and strong diffraction signals. As for neutron diffraction, usually the flux 
to the sample is relatively low and the diffraction signal is weak. Hence, detection with high 
sensitivity and low noise is very crucial. A typical multi-wire gas detector under a research 
reactor neutron source environment falls into this flux range with a maximum local count rate 
of ~1x104 cps/mm2 and a global maximum count rate of ~5x105 cps.  
However, a large area detector, i.e., large solid angle detector fabrication with this 
technology is quite difficult, and thus a neutron IP is also widely adopted because the 
mechanical flexibility makes a very large solid angle measurement possible even though its 
detection feature is not good for weak signals of neutron diffraction under a high background. 
Measurement methods for these area detector based diffractometers are similar, that is, 
several specimen orientations and successive measurements by specimen rotations thereafter 
to cover the reciprocal space as much as possible with the available measurement time. 
In Fig. 3.6, there are two comparison figures, in which the left side shows intuitively 
clear image views measured by IP, CCD and MWPC, respectively, on the same objects, and 
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the right side shows the measured intensities by IP, CCD and MWPC, over wide dynamic 
ranges, implying a measured intensity and background from each detector’s intrinsic 
properties. 
 
  
Fig. 3.6 Comparison between the counting method and integrating method of 
detection measurement with respect to the MWPC, the image plate and the 
intensified CCD (Lewis, 1997)[35]. 
 
 
3.2.3. Delay-line readout method 
When a neutron enters the detector through a window, usually aluminum, and makes the 
nuclear interaction with the gas in the absorption and drift region in the detector, a charge 
cloud, i.e., the primary ionization of about ~30,000 electrons created by the proton and triton, 
is formed and drifts through the cathode wire plane to the anode wire plane, and then gas 
multiplication near anode wire, the avalanche, makes it a clearly measurable charge pulse, as 
already shown in Fig. 3.2 and 3.3. The anode avalanche induces a positive charge on both the 
upper and lower cathodes, with a quasi-Gaussian profile, which has an FWHM of 
approximately 1.5-times the anode-cathode spacing. This physical situation inside the wire 
chamber can be described as shown by the cross-sectional view in Fig. 3.7. 
The sampling of the cathode induced charge with wires or strips yields the center of 
gravity of the anode avalanche with high precision when appropriate design criteria are 
followed (Gatti, Longoni, Okuno and Semenza, 1976; Mathieson and Smith, 1989). For 
convenience, the lower cathode is designated as the X-axis and the upper cathode as the Y-
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axis; the anode wires, which are all connected together, yield the total energy signal, which is 
used for gating the position encoding electronics to further eliminate gamma-rays.  
Each cathode has a number of readout nodes, connected to charge sensitive 
preamplifiers. Charge division between nodes is carried out resistively. For the combined 
optimization of position linearity and position resolution, the RC time constant of one 
subdivision is approximately equal to the shaping amplifier time constant.  
The anode avalanche from each detected neutron gives rise to collected charge on two, 
or three, adjacent cathode nodes; these signals are then switched sequentially into a centroid 
finding filter which yields a timing signal commensurate with the linear position along the 
respective axis in which the event occurred [37, 38]. This method achieves a high absolute 
position accuracy and high position resolution with a small avalanche size because of the 
number of signal outputs from the detector. 
There are several position encoding methods in a MWPC; 
• LC Delay line readout 
• Charge division with low resistance anode 
• Centroid finding method 
• RC Rise time method with high resistance anode 
• Wire by wire readout  
 
 
 
Fig. 3.7 Schematic showing the charge formation after the neutron nuclear 
interaction with 3He in a MWPC.[36]. 
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The charge division with low noise resistance anode readout method is used mostly for a 
linear PSD by dividing the charge collected at one end of the anode wire by the total charge 
summed over the charges at both ends. In a MWPC structure, the resistive charge division 
method has been used well, but several sophisticated preparations are needed [39]. These are 
well prepared uniform anode wires, highly optimized preamplifiers to the detector intrinsic 
geometry, resistance and capacitance properties, and additional electronics to do the division 
arithmetic over each channel in the X and Y directions. The centroid finding method is 
similar to the charge division method but was devised for application to area detectors for a 
more precise and fine position encoding purpose by providing complicated electronics. 
However, it becomes a relatively easier task these days because modern digital electronics 
and chips can solve these heavy electronics work in a faster and cheaper way. The RC rise 
time method with a high resistance anode is called RC (resistance-cathode) encoding, and 
was used mostly for a linear PSD encoding because the anode resistance control is usually 
difficult, and aging under service changed the resistance of the anode wire sensitively and 
relatively slowly in the signal processing.  
The wire-by-wire readout is a straightforward signal encoding method like a 
conventional single wire detector and is revitalized these days even though it requires 
separate electronics channel modules to each whole wire in the X and Y directions with an 
extra electronic unit of position encoding by a charge division, which means a huge 
electronics burden per detector; however, modern advancement and a cheaper custom design 
cost of the chip technology can make this implementation relatively easier in terms of 
complexity control, design customization, and overall electronics cost. The delay-line readout 
method is still commonly used in many small sized detector uses in X-ray and neutron 
experiments and applies a series of lump of inductance and capacitance pair (LC delay 
components) over the cathode planes in the X and Y directions, and then measure the timing 
signals of arrival at each end of the directions, and do the position encoding by measuring the 
timing differences. These two commonly adopted methods for position encoding on the 
MWPC detector are schematically shown in Fig. 3.8. 
The LC delay-line readout method was introduced by A. Rindi et al. [40] for a position 
sensing method in 1970, and then first introduced to detectors in X-ray scattering by A. 
Gabriel in 1977 [41]. The technique has a very simple encoding structure and thus a high 
reliability irrespective of the dimension of the detector area and area shape. However, it 
requires very fast signal processing in a ~100 ns range with a 100 ps resolution in the analog 
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front part, and a very fast time-to-digital converter (TDC) to comply with this timing event 
signal; these difficulties, therefore, limited its popular applications for high count rate signals.  
However, for the last decade, there were several successful developments for a new 
high-speed TDC by adopting rapidly advancing digital electronics technology [42-45]. 
The delay time per step (delay-time constant) and characteristic impedance of the delay-
line, as shown in Fig. 3.9, are given by the following formulae: 
The delay time per step, LCt =  
Characteristic impedance of the delay line, 
C
LZ =  
By a combination of proper values of the inductance L and capacitance C, we could 
obtain a 1~2 ns/mm in the time delay and 50 Ω in the impedance with low resistance over the 
total delay length. The inductors in a delay-line are connected in-series, and the capacitors are 
connected in parallel and the other end of each capacitor is connected to the cathode wire 
line(s). The total delay time over the delay-line configured over the cathode wire plane in the 
X and Y directions can then be precisely determined by the number of delay lumps, and the 
signal arrival time at both ends of the X and Y directions can be measured precisely and 
reliably, as shown in Fig. 3.10. 
 
      
(a)                                (b) 
Fig. 3.8  Schematic view of the position encoding electronics of (a) a wire-by-wire 
readout and (b) delay-line readout methods. 
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Fig. 3.9 Delay-line implementation with its schematic representation, and an 
example of signal delay through a delay line. 
 
 
 
Fig. 3.10 Signal readout of the delay-line at both ends. 
 
When the signal arrives at both ends of the delay-line, the timings of both signals differ 
based on the relative distances from the location of the starting position, i.e., the position of 
the image charge at the cathode wire plane owing to the charge avalanche at the anode wire, 
and then their timing difference, the localized position, is determined using a logic delay and 
a TDC, and these timing measurements in both directions should be done coincidentally to 
identify a meaningful event. The timing measurements in both directions are not correlated, 
and so a different delay-time, i.e., a rectangular shaped active area, is also possible with the 
same electronic configuration. A position decoding method is described schematically in Fig. 
3.11, in which a fixed length, Dx, usually has the same length as the total delay-time of the 
detector; this delay timing signal is added to one of the end signals, and the other signal is 
then subtracted from this additional delayed timing signal. When the event is at the center of 
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the anode wire, the timing difference will be the external delay time as shown by Dx in 
Fig.3.11, and when it happens at one end, the timing difference will be 0 or 2Dx depending 
on the position of the two ends. By digitizing this timing signal, the event position in the 
detector can be decoded out. The count rates are related with the processing time of the delay 
time signals, and fast timing TDC means a fast counting capability in a general sense. 
 
 
 
Fig. 3.11 Schematic showing the position determination in the delay-line readout. 
 
When the MWPC detector with delay-line readout decoding is ready, we need to 
measure its signal intensity and identify the position. Since the delay-line readout method 
requires very fast electronics, it needs rather specialized modules for some of its counting 
channels, as shown in Fig. 3.12. Given the condition of a resistive noise source, a very high 
speed current amplifier is to be used with very low input impedance, which was originally 
designed by A. Gabriel at EMBL (European Molecular Biology Laboratory), and modified 
and fabricated by M. Moon at HANARO. The key component in the current amplifier for the 
high bandwidth, low noise requirements and simple power provision was selected as a 
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unipolar operational amplifier, the SL560 from the National Semiconductor, which is 
unfortunately no longer in production. 
 
 
(a) 
 
(b) 
Fig. 3.12 Schematic diagrams of the delay-line readout based counting electronics: 
(a) the mixed configuration of electronics modules and (b) a connection 
scheme for a 2-dimensional PSD. 
 
The CFD (Constant Fraction Discriminator) is a very high speed timing level 
determination module with quite low jittering noise and a commercial module No. 712 from 
the company, Phillips Scientific. The fast TDC (Time-to-Digital Converter) is a key 
electronic module for this delay-line readout method, and for a long time its availability was 
quite limited commercially. In addition, the module N110 from ESRF (European Synchrotron 
Radiation Facility)[42] was regarded as the only proper module for scattering experiments, 
but its availability to outside users has been tightly limited. After several years of use of 
N110, we decided to develop our own high-speed TDC by the collaboration with W. Nam’s 
group at KAO (Korea Astronomy Observatory, and now called KASI, Korea Astronomy and 
Space Institute) to satisfy our own demands for large area thermal neutron detectors [43, 46]. 
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It took ~3 years to produce a stable field working model with an advanced enforced 
specification of computing power, large on-board memory, and external interfaces such as 
parallel, Ethernet, and USB interfaces. Later in 2009, this technology was transferred to a 
local company, NeosisKorea Co. (www.neosiskorea.com), and now this module is 
commercially available for this kind of delay-line readout detection for X-ray and neutron 
measurements and for high speed timing measurements for plasma diagnostics, ion 
spectroscopy, or ultrasonic flow meters. And together with the TDC development, a 
dedicated device driver to the instrument control program, SPEC, was also developed with 
the instrument control program SPEC company, Certified Scientific Software 
(www.certif.com), to be integrated into the control and DAQ system of the diffractometer. 
 
 
 
3.3. Trial use of a small flat PSD for single crystal diffraction 
3.3.1. Trial use of a small flat PSD 
Around the end of the first phase of upgrade work in 2006, a trial application of a PSD 
for measurements of single crystal diffraction started. The first PSD was a flat 2-dimensional 
position-sensitive detector (F-2DPSD). The internal structure is shown in Fig. 3.13, and is a 
multi-wire structure of an anode and X-Y cathodes planes with a drift plane (not shown in Fig. 
3.13) close to the window side. It has a small active area of 190 mm x 190 mm, which covers 
15° x 15° over a 750 mm distance between the detector and the sample position of the FCD, 
as shown in Fig.3.14. When a neutron enters the detector chamber, it interacts with the 
detection gas, 3He, and the electrons from a small charge burst by the ionization process are 
then drifted to the anode biased to a positive voltage with help of the drift plane biased by a 
proper negative voltage, which was around -850 V. 
The F-2DPSD detector was made at HANARO with the help of Dr. A. Gabriel at the 
Grenoble outstation, EMBL (European Molecular Biology Laboratory), in 2002. It was 
supposed at the time of the detector fabrication to be used for residual stress measurement 
instrument, but we got a new idea for a more efficient and simplified construction for the 
residual stress instrument based on a dedicated 1-dimensional position-sensitive detector, and 
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then another application for this F-2DPSD was sought, such as kinetic measurements in 
powder diffraction, texture measurement, and single crystal diffraction for 3 years in-house 
without good progress. The detector was mostly attempted for use in texture measurements 
with an aim for rapid measurements, but the development of a good code for intensity and 
background treatment could not be made well in terms of statistical accuracy compared with 
the point detector case at the time. 
 
 
Fig. 3.13 The internal wire frame structure of a conventional two-dimensional 
position-sensitive detector such as F-2DPSD. 
 
 
 
Fig. 3.14 Photo showing the first trial use of the flat small 2DPSD of 190 mm x 190 
mm active area, and the detector can be lifted up +45° and down -15°. The 
right image shows NaCl (200) Bragg spots over the active area. 
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As Fig. 3.14 shows, the detector could be lifted up and down by +45° and -15° from the 
sample position with respect to the center of the F-2DPSD. The screen-captured image in the 
right side of Fig. 3.14 shows the NaCl#3 (200) Bragg spot measure by 1.4° step in the 
horizontal direction of 2θ-angle and 1.7° step in the vertical direction of χ-angle using a 
neutron of wavelength 0.997Å from Ge(331) for 60 sec. The measurement shows quite a 
uniform efficiency and spatial resolution over the active area. The geometry, site, and 
coverage range of the diffractometer with the F-2DPSD detector is schematically shown in 
Fig. 3.15. 
 
 
Fig. 3.15 Schematic showing the geometry of the F-2DPSD arrangement. 
 
 
3.3.2. Test of the small F-2DPSD using a NaCl single crystal 
First, the PSD was tested with reference to the tube detector of FCD and measurement of 
FONDER by a step scan measurement using a NaCl #3 single crystal sample (from FONDER) 
with the center area of the F-2DPSD, as shown in Fig.3.16 (upper), in which case, the tube 
detector shield unit of FCD was easily substituted by the PSD shield unit on the granite dance 
floor, and thus FCD functioning control is mostly used though limited for PSD functioning. 
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Fig. 3.16 Comparison of peak profiles measured by the F-2DPSD and point detector 
in FCD (upper left) and FONDER (upper right). A pattern of (hkl) Bragg 
spots image measured by the F-2DPSD, in which 8 frames of 
measurements were combined to make one image. 
 
 
 
 
Fig. 3.17 Fobs vs Fcal plot of NaCl structure analysis results using F-2DPSD with all 
the data appearing in the detector (left) and by the center region of the 
2DPSD, i.e., similar to a point detector use (right). 
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A mosaic pattern of the diffraction images shown in the lower part in Fig. 3.16 was 
made by 4 different 2θ and 2-different height positions of F-2DPSD, with a sample rotation 
of -35° to +30°, and each Bragg spot measurement was made with a 1.5° span by a 0.05° step 
angle, i.e., 31 points for each Bragg. Since the covering angle range is small due to the 
smaller area of the PSD, the need for moving the PSD to a lot of different positions is clear. 
The structure analysis expressed as Fo vs Fc is shown in Fig. 3.17, in which the right side 
diagram shows the analysis using the data measured by the F-2DPSD center only, and the left 
side diagram for all data appeared in the F-2DPSD area shown in the lower panel in Fig. 3.16. 
Both analyses were treated by the Lorenz factor correction manually, absorption correction 
by the program DABEX, and the extinction correction by the program RADIEL. 
 
3.3.3. Test application at FONDER in JRR-3M 
Since the F-2DPSD was evaluated as worth applying to more testing, the F-2DPSD was 
moved to the FONDER site, and the detector part of FONDER was also substituted by the F-
2DPSD as FCD at HANARO. After calibrated using NaCl, the test sample was put on the 
sample stage, which was an organic conductor, β-ET2ICl2 (H-compound C10S8H8ICl2, a 
triclinic lattice, P-1). This material has a rather complicated structure and a lot of hydrogen 
atoms in the unit cell.  
It has lattice parameters of a = 12.948(21), b = 9.772(12), c = 6.680(19), α = 98.66(18), 
β = 100.96(18), and γ = 87.08(12) determined by X-ray measurement using the mxc in Noda-
Lab at IMARAM, with measurement conditions such as ω-scan, ω-width=2°, scan speed = 
0.4°/min and 635 Bragg reflections collected for 53 hrs, in which 496 reflections were 
meaningful points, and its structure analysis gave an R-factor of 5.4 % with 252 parameters. 
The sample size of β-ET2ICl2 used for F-2DPSD measurement was 1.2 x 1.6 x 10.1 mm3, 
as shown in Fig. 3.18 (left), and measurement by F-2DPSD was done by positioning its 
location manually. Three 2θ positions covering 7.94° < 2θ < 45.21° at the sample inclination 
0° (upright direction), and 2 two-theta(2θ) positions covering 19.97° < 2θ < 46.22° at the 
sample inclination of 15°, were measured at a sample rotation speed of 0.2°, and it took ~30 
hrs for 1800 frames of an image data set per measurement. In this measurement, the pixel 
resolution of the detector was 256 ch x 256 ch, which is equivalent to 0.85 mm/pixel and 
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0.070° per pixel over a 700 mm distance between the sample and detector. All of the 
measured data merged and converted into a reciprocal space are shown in Fig. 3.18. The 
middle of Fig. 3.18 shows the Bragg spot distribution in a three-dimensional reciprocal space, 
and the right side of Fig. 3.18 is the projection to a two-dimensional reciprocal space, just 
like a precession photographic image.  
 
 
 
Fig. 3.18 The photo on the left shows the β’-ET2ICl2 sample used for the PSD 
measurement, and the right two figures show the reciprocal space 
distribution of measured Bragg reflections in three (middle) and two (right) 
dimensional spaces. 
 
 
The first set of 3 positions at the inclination Rx = 0° produced 104 complete intensity 
Bragg points among 115 collections, and the second set of 2 positions at the inclination Rx = 
15° produced 81 complete points among 89 measured points. Here, Rx means the tilting angle 
of the sample goniometer head. 77 Bragg points are independent reflections among 186 
actually observed points. Though the β’-ET2ICl2, C10S8H8ICl2, has 252 parameters to be 
determined, only 39 parameters were analyzed by assuming a rigid body model for an ET 
molecule (C10S8H8), and an isotropic temperature factor, and the R-factor was then 4.7 %. 
The lattice parameters are summarized in Table 3.1, and a structure analysis is given by Fig. 
3.19 as a comparison of Fcal and Fobs, which was made by applying a rigid-body molecular 
model and 39 refining parameters with the program SHELX for 77 independent data points of 
β’-ET2ICI2 organic materials measured by F-2DPSD at the FONDER site, and the plot in the 
right panel shows the extinction effect on the same data set. 
From the measurement and analysis of NaCl and β-ET2ICI2 at the FONDER site, it was 
verified that this kind of PSD can be used well for a single crystal structure analysis, and the 
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desired PSD shape should be curved with respect to the sample position, and its area should 
be large enough to cover more than 100° in 2θ in the horizontal direction and 45° in χ in the 
vertical direction, and if possible, a wider area of about 150° in 2θ is highly preferred with a 
radius of curvature of 500-550 mm. 
 
 
 
Table 3.1 Lattice parameters β’-ET2ICl2 given by measurements of F-2DPSD and mxc. 
 A B c Α Β γ 
F-2DPSD (Rx= 0) 12.900 (15) 9.846 (10) 6.819 (80) 100.43 (25) 100.17 (27) 87.00 ( 8) 
F-2DPSD (Rx=15) 12.965 (19) 9.805 ( 9) 6.728 (22) 97.97 (12) 101.34 (16) 87.27 (10) 
mxc 12.948 (21) 9.772 (12) 6.610 (19) 98.66 (18) 100.96 (18) 87.08 (12) 
 
 
 
 
Fig. 3.19 Structure analysis result of β-ET2ICI2 organic materials measured by the 
small F-2DPSD at FONDER site (left) and plot showing the extinction 
effect on the same data set (right). 
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3.3.4. Measurement and analysis protocol 
Though most of the raw data processing procedure was done manually in this period, the 
protocol of the data processing and analysis was established as follows. The search for spots 
in the image, i.e., peak search and peak’s integrated intensity extraction with a summation of 
distributed spots over several frames was done manually, and their extracted information 
formatted as (image frame #, X, Y, Intensity) was listed. The data processing to find their 
reciprocal space coordinates were done by using the spreadsheet program, Excel. When the 
data was processed to this point, then well-established procedures using the vector minimum 
method with a least squares refinement and Bravais lattice transformation could be properly 
applied to get a reflection intensity list as (h k l F2 σF2). This procedure is schematically 
described in Fig. 3.20.  
 
 
Fig. 3.20  Data preprocessing protocol for the F-2DPSD. 
 
Each measurement produced a set of image data frames, such as 900 frames at 0.4 
degree steps over a 360 degree sample rotation. From the data set, each peak found in the 
image frame gave the peak position in (X, Y) channel coordinates with a summed intensity 
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over the peak area and image frame number. This real space information was first converted 
into the angle information, and then finally to the coordinates in the reciprocal space, as 
shown in the upper part of Fig. 3.20. When all peaks found in the image frames were 
converted into the coordinates in reciprocal space, i.e., the peak search process was finished, 
the vector minimum method was applied to find its UB matrix and indexing, as shown in the 
lower part of Fig. 3.20. With proper transformation if needed, and least square refinement, 
the UB matrix could be determined with a proper Bravais lattice on the specimen. 
 
 
3.3.5. Conclusion on the work by F-2DPSD 
With the long-term aim to develop a new neutron single crystal diffractometer based on 
a large area curved position-sensitive detector, the old four-circle neutron diffractometer, the 
neutron four-circle diffractometer FCD at the research reactor HANARO was first fully 
modified and upgraded following the single crystal diffractometer FONDER at JRR-3M as 
the reference, as described in Chapter 2. After the feasibility study using a flat, small-area 
position-sensitive detector for a single crystal structure analysis at the FCD, and mainly 
FONDER using organic compound β-ET2ICl2, C10S8H8ICl2, it was verified that this kind of 
PSD can be used well, and the desired specification on the PSD for diffraction applications 
was defined in terms of angular coverage.  
 
 
 
3.4. Design, fabrication, and testing of the prototype Curved PSD 
3.4.1. Design of the prototype Curved two-dimensional PSD 
Based on the specifications from the trial application of a small-area, F-2DPSD for 
single-crystal neutron diffraction, a two-dimensional position-sensitive neutron detector with 
a large area and curved shape in the horizontal direction (C-2DPSD) was developed. First, a 
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prototype C-2DPSD (pC-2DPSD) was developed with a 650×470 mm2 linear active area and 
a radius of 550 mm, which covers 75° horizontally and 50° vertically.  
When the active area of a detector is larger than ~250 x 250 mm2, several difficulties 
arise in practical terms than the case of a smaller area, which would be  
Design parameters 
• Detection area(coverage angle) 
• Overall size(dimension) & connections 
• Window thickness 
• Efficiency (3He pressure, detection thickness) 
• Spatial resolution (CF4 pressure) 
• Delay time(100 ~ 300ns) 
• Anode and cathode wire plane parameters  
 
Difficulties 
• Position readout method (wire by wire → delay line)  
• Material selection (Chamber, PCB, Feed-thru, …) 
• Gas leakage  
• Electronics (Pre-amplifier, Discriminator, …) 
• Gas mixtures 
• Out-gassing 
• Wire tension uniformity 
• Contamination by stains and fine dusts on the wires & strips 
• Organic gases 
• Fast electronics & data acquisitions 
 
The conventional two-dimensional PSD, like the F-2DPSD, has flat wire frames of the 
anode between the two cathodes shown in Fig. 3.21 (a) with a drift plane (not shown in the 
Fig. 3.21) close to the window side. When a neutron enters into the detector chamber, it 
interacts with the detection gas, here, 3He, and then the electrons from a small charge burst by 
the ionization process are drifted to the anode biased to a positive voltage together with help 
of the drift plane biased by a proper negative voltage, which was around -650 ~ -1000 V in 
our detectors.  
When a curved structure is considered, the one cathode plane horizontally perpendicular 
to the curvature direction comes into serious question, though the anode and vertically 
perpendicularly cathode planes can be solved in a relatively easier way for the uniform 
tension of the wires over the curvature surface, instead of the straight surface in the F-2DPSD. 
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The prototype has a pad structure of the cathode planes for the required curved shape and 
structure, as shown schematically in Fig. 3.21 (b). The key concept is that the cathode planes 
for the X- and Y-directions are monolithically fabricated on both sides of the epoxy plate of 
the double-layer PCB (printed-circuit board) method to be bent both horizontally and 
uniformly. This structure of the pC-2DPSD was fabricated to evaluate the feasibility of the 
pad structure for a curved shape PSD and functionality with performance toward a much 
larger area detector that can cover a diffraction angle of ~150°. The prototype pC-2DPSD 
delivered a good, stable performance for neutron diffraction measurement, but had an 
unexpectedly long total delay-time of 370 ns for the detector due to the large intrinsic 
capacitance of the cathode planes, which had a structure of distributed pads over double 
layers over a large area.[47-49] 
 
.  
(a)                             (b) 
Fig. 3.21 The internal wire frame structure of (a) a conventional two-dimensional 
position-sensitive detector such as F-2DPSD, and (b) pad structure of 
cathode planes in both the X- and Y-readout directions of this prototype 
detector, pC-2DPSD. 
 
A schematic view of the pC-2DPSD structure and three-dimensional drawings for three 
main mechanical parts are shown in Fig. 3.22. From the window, the drift plane is located in 
contact with internal side of the Al window. It is made of a single plane of a very thin PCB 
sheet of 0.1 mm thickness with an Al thin layer evaporated to the Anode side, and this Al 
layer is applied by a negative voltage to accelerate the electrons to the anode plane. A three-
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dimensional drawing of the	 3 main parts of the pC-2DPSD is shown on the right side of Fig. 
3.22. The rear cover and wire frame support were bent and machined as the shape given here, 
but later the residual stress formed during the bent process was found to remain, and it made 
the assembly process difficult, and it took long time to be stabilized. The cathode frame was 
assembled and fixed together on top of the anode frame, but this fixing mechanism was 
revealed to be unstable over the large area surface, and it therefore became quite difficult to 
achieve a uniform tension build-up over the anode frame wires. 
 
 
    
(a)                               (b) 
Fig. 3.22 (a) Schematic drawing of the pC-2DPSD and (b) three-dimensional 
drawing of the 3 main parts of the pC-2DPSD. The rear cover and wire 
frame support were bent and machined as the shape given here, but later, 
the residual stress formed during the bent process was found to remain, 
and it made the assembly process difficult, and it took a long time to be 
stabilized. 
 
A schematic of the assembly of all of the parts is shown in Fig. 3.23. The stiffener 
attached to the top and bottom sides of the front window side were applied based on the FEM 
(Finite Element Method) analysis to reduce the deformation and secure a rigid stability. 
Without the stiffener, the deformation on the left and right sides became large, and it was 
rather easy to be deformed under external stress. In the process of computer aided design for 
a complete assembly, we got to know a problem from the fixing hole positioning at each part 
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of the wire PCB frames and the wire support. Because all the fixing tap holes were located 
over the curved surface and the anode and cathodes frame were stacked with spacing fixtures 
in between concentrically, the clean-hole positions over the surface on all these parts were 
very irregular. Since this kind of irregular positioning of a large number of holes cost a lot for 
machining and fabrication, slightly irregularly spaced, same-sized oval shape clean holes for 
each part were designed, and a uniform stress over the frame should be guaranteed. 
 
 
Fig. 3.23 Three-dimensional view of assembly for the designed pC-2DPSD. The 
stiffener ④ attached to the top and bottom sides of the front window side 
were applied based on the FEM (Finite Element Method) analysis. 
 
The specifications for this pC-2DPSD are summarized in Table 3.2 after the mechanical 
parameter optimization and delay-line parameters were determined. Its radius of curvature 
was 550 mm and the neutron detection depth was 22 mm with a total gas pressure of ~5 atm. 
This neutron detection depth, i.e., the internal thickness over the radial direction is rather 
short in terms of the detection efficiency because of a volume change from the gas pressure 
on temperature, then stress change to the wire frame fixed to the detector box, and then a 
change of tension distribution over the anode frame wires, were still of concern at the time. 
We also sought to test the technical feasibility of the detector parameters such as the 
material and mechanical structure, novel anode and cathode plane build-up in a curved 
geometry, and technical difficulties in the assembly procedure for a large, heavy detector, i.e., 
a general optimization of the design parameters in terms of mechanical and electric properties. 
The most difficult technical aspects of this prototype detector fabrication were the required 
accuracy for a good detector performance over a long time, and the mechanical stability in 
 67 
 
the machining, assembly, and accurate, precise assembly of the anode wire plane together 
with the cathode pad planes. These difficulties affected every stage of the detector 
construction, from the design and mechanical analysis through the machining to the final 
wiring and assembly. 
 
Table 3.2 Summary of pC-2DPSD design parameters. 
Parameters Value 
Detection angle  Horizontal 70˚, Vertical 45˚  
Detector radius 550 mm  
Detection depth 22 mm  
Detection gases 3He 3.6 bar + CF4 1.5 bar  
Window  0.8 cm thickness Aluminum  
Position encoding Delay line readout 
Delay components 95 nH, 39 pF [1.92 ns/tap] 
Detector weight   110 kg  
 
 
3.4.2. Fabrication of the prototype C-2DPSD 
After repeated analyses using the finite element method (FEM), many of the mechanical 
parameters were adjusted, such as the window thickness and enforcement structure, in which 
two stiffeners were added to provide a structural reinforcement. The parameters were the 
radius of curvature and window thickness, and then the aluminum body thickness. In all cases, 
there were two spots of deformation in the window area, as shown in Fig. 3.24, and a 
sensitivity test and optimization on the allowable maximum deformation and stress effects on 
the fixture to the wire frames were then made to obtain the proper and rigid window thickness. 
Two stiffeners of a crescent shape were applied to the top and bottom sides of the front 
side of the detector body because there were rather easier asymmetric deformation cases over 
the surface under a slight dimensional mismatch or external stress without these stiffeners. 
With the stiffeners, the thickness of the aluminum body could also be reduced. 
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Fig. 3.24 Stress analysis results by FEM (Finite Element Method), as shown by a 
wire-mesh graph. With the top and bottom stiffeners, the area and 
magnitude (< 1 mm) of the two maximum deformation areas can be 
controlled within the acceptable range. 
 
The front part of the aluminum body of the pC-2DPSD is shown in Fig. 3.25 (left) after 
machining, and the rear part of the body under machining is shown in Fig. 3.25 (right). The 
rear part was thinner than the front part, and thus at first a bent aluminum thick plate was 
tried to save the huge volume of aluminum ingot and machining costs but after several 
failures from a serious deformation after machining, a large volume ingot was used for 
machining because the residual stress could not be released completely even after a repeated 
heat treatment after the bending process. 
 
 
 
Fig. 3.25 Photos showing the Aluminum box machining by a machining center. 
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Fig. 3.26 Upper photos showing the anode wire frame and cathode frame. The lower 
photos show a detailed view of the cathode frame after the delay components are 
soldered, and a pad scheme for the X and Y directions on the cathode frame. 
 
An aluminum frame of a glass window frame shape was made for the anode wire frame, 
and it was assembled with the anode PCB frame before wiring over the area; Fig. 3.26 (upper 
left) shows the interim status during wiring. As more and more wires are applied, the tension 
applied to the frame increases, and thus the wiring process for a uniform tensioning over the 
whole frame is important. After complete wiring and a few days had passed, all of these 
objects were put into the cleaning process and inspected for any dust or very small debris 
during the wiring process. This is very important for the quality and performance of the 
detector. The cathode frame was also attached to the pre-fabricated frame, as shown in Fig. 
3.26 (upper right). Though there was no wiring process, a large number of delay-line 
components of inductors and capacitors of the chip components from Murata 
(www.murata.co.jp) for the X and Y channels should be soldered, and thus inspection for 
dust and debris especially from electrostatic phenomena were important. Soldering quality is 
very important for signal shape and long-term performance. When the cathode frame sub-
assembly was attached to the box fixture over the anode wire frame, the necessary wirings for 
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the delay-line signal connection to the connectors, and especially the high voltage bias to the 
anode and drift plane, should also be well guarded for high impedance against any object, 
dust, or small soldering debris. The cathode frame after soldering and wiring is shown in Fig. 
3.26 (lower left), with an enlarged structure in the lower right. 
 
 
3.4.3. Functioning tests of the prototype detector, pC-2DPSD 
After whole parts of the pC-2DPSD were assembled and vacuum and pressure sealing 
tests were finished, a sequential procedure of gas injection and plateau measurements was 
repeated up to a gas pressure of 3He 3.6 bar and CF4 1.5 bar, totaling 5.1 bar in absolute value.  
Fig. 3.27 shows the behavior of the internal pressure depending on the surrounding daily 
temperature over 2 weeks. When we injected Ar or 4He gas for testing, it seemed to take ~1 
to 2 days for the detector body to be stabilized. Even though the gas itself might be uniform 
over the detector volume quickly after injection, we understand the pressure over the detector 
body and its slight strain under the pressure might take some time to be stabilized. As Fig. 
3.27 shows, the pressure change over ~7° C was about 3%, and the inflation, measured by a 
dial micrometer, at the both areas of largest deformation shown in Fig. 3.24 was less than 
~0.2 mm after the pressure stabilized, we considered this detector box to be accepted for the 
realization using 3He gas.  
 
Fig. 3.27 Inspection of gas leak over 2 weeks at the absolute pressure 5.75 bar. 
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Though we had an experience of a flat, large area gas detector for small angle neutron 
scattering, which had an active area of 64x64 cm2 and stable operation for two years until that 
time, at this fabrication time, it was uncertain whether even this deformation might produce a 
lot of change in the wire tension soldered to the wire frames of the anode, which is fixed to 
the curved shape detector box with a curvature radius of 550 mm. Later, it was proved 
practically that it was acceptable for a stable and good operation of the detector. 
After a number of tests using Ar gas at increasing pressure with the 241Am source were 
conducted over ~two months, 3He and CF4 gases were injected into the box stepwise, and the 
anode high voltage bias and drift bias were then determined to be 3400 V and -800 V, 
respectively, as shown in Fig. 3.28 using an AmF neutron source in a HDPE (high density 
polyethylene) container.  
Fig. 3.28 (a) shows the plateau measurement results of the pC-2DPSD using the AmF 
source, which changes the operating parameters of the plateau region depending on the gas 
pressure, i.e., a higher anode bias voltage to higher gas pressure. In addition, Fig. 3.28 (b) 
shows the effect of the drift bias to the counting efficiency, which shows usually a gentle 
behavior to the drift bias voltage as shown, and (c) shows the final operating conditions of the 
plateau region measured by a MnF2 single crystal using a monochromatic neutron beam 
Although the total delay time, 370 ns, was much longer than the design value, all other 
characteristics showed good performance, as expected. The maximum counting rate of this 
detector combined with its TDC (time-to-digital converter) based counting electronics was 
lowered to ~200 kcps at a 10% dead-time owing to the long total delay time, but this was 
estimated to be sufficient for single-crystal neutron diffraction applications at the research 
reactor source.  
After installation of pC-2DPSD at HANARO FCD, the plateau was measured again 
using a monochromatic neutron beam of 0.997 Å and MnF2 single crystal diffraction, and the 
bias voltage was determined to be 3150 V at the anode and -800 V at the drift. The measured 
active detector area resulted in 629×441 mm2, which is equivalent to the angular range of 
~70o×45o in the 2θΒ and χd directions, respectively, for a radius of 550 mm. The early result 
of this pC-2DPSD was previously presented at an international conference [48]. The detector 
specifications relevant to the diffraction experiments are as follows: 
- Spatial resolution; ~ 3mm (by 1 mmφ Cd sheet pin-hole measurement) 
- Efficiency; ~40% @1Å neutrons 
- Intrinsic background of all the area of pC-2DPSD;  
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~ 0.4cps (with the shutters closed and the reactor shutdown) 
- Total delay time of the horizontal direction cathode; 370ns  
 
 
  
(a)                                 (b) 
 
(c) 
Fig. 3.28 Plateau measurement result of the pC-2DPSD: (a) the change of operating 
parameters of the plateau region depending the gas pressure, (b) the effect 
of the drift bias to the counting efficiency, and (c) the final operating 
conditions of the plateau region measured by a MnF2 single crystal using a 
monochromatic neutron beam. 
 
 
The pC-2DPSD was first installed at the HANARO FCD for operational and test 
diffraction measurements using NaCl at room temperature, and MnF2 under a closed-cycle 
refrigerator sample environment for low-temperature measurements. Once we were confident 
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of its rigidity and stable operation characteristics, the pC-2DPSD was transported to the 
neutron four-circle diffractometer (FONDER) at JRR-3M, Japan, for intensive testing and 
various diffraction measurements, data preprocessing, and evaluation of the software 
development. 
The left photo in Fig. 3.29 shows the configuration for the measurement on MnF2 at a 
low temperature. The normal tube detector was detached from the rotation table and set aside 
(its orange coloured detector shield is shown right below in the photo), and the pC-2DPSD 
was directly coupled to the 2θ-rotation table. The pC-2CDPSD detector module could 
therefore be located at any nominal 2θ position to cover the wide angle of diffraction. The 
right-side photo shows the configuration at the FONDER site, in which a specially prepared 
sample table is equipped with 4 K low temperature cryostat coupled with a sample rotation 
axis by a magnetic bearing and fixed position sample chamber with two bayonet beam tubes, 
as shown in the photo, which are very effective for air scattering along the direct beam path. 
The tubes are also shielded by boron rubber and Cd sheets against any scattering from the 
aluminum materials of the window and tubes themselves. The red arrow indicates the 
direction of an incident neutron beam from the monochromator, and the right-side photo 
shows a specially designed low-temperature sample environment against air scattering along 
the direct beam line. 
 
  
Fig. 3.29 Photo showing a field test at HANARO FCD (left) in 2007 and test at JRR-
3M FONDER (right) in 2008 of the pC-2DPSD. The red arrow indicates 
the direction of an incident neutron beam from the monochromator, and 
the right photo shows a specially designed low-temperature sample 
environment against air scattering along the direct beam line. 
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Using the unique design of the sample table with the custom made vacuum sample 
chamber and under the environment of low background location in the JRR-3M guide hall, 
the overall background was greatly reduced by ~1/10 compared to the case at the FCD site. 
Here, the FONDER spectrometer was also temporarily removed from the normal position, 
and the detector was manually placed instead because the sample stage had no 2θ-rotation 
table.  
 
 
3.4.4. Field applications of the prototype C-2DPSD 
About 6 months of fabrication and 1.5 years of operation starting in February, 2007, for 
the characteristics testing and diffraction measurements with this pC-2DPSD in the research 
reactors, HANARO, Korea and JRR-3M, Japan had helped us develop a deeper 
understanding of the operation of the first curved shape detector and its internal structure of 
the wide area detector. The technical development of raw data preprocessing for single-
crystal neutron diffraction experiments then continued intensively. 
As with the correction and calibration procedure for the flat PSD (F-2DPSD), the NaCl 
single crystal of cube shape of 2 mm each with a lattice parameter of 5.653 Å was used for 
the calibration, as shown in Fig. 3.29, and typical calibration parameters were determined as 
follows: 
 2θΒ/ΔX = 0.24567 deg/ch 
 Δχd/ΔY/L = 0.0038 deg/ch/cm 
 λ = 0.9968 Å  
where 2θΒ is a basal, i.e., equatorial plane scattering angle, and χd is the angle of elevation to 
the diffraction spot off the equatorial plane, which is different from the nominal χ angle of 4-
circle geometry definition. At the time of this testing, the readout resolution of the pC-
2DPSD was selected to be 256x256 channels in the X and Y directions. 
The left side of Fig. 3.30 was taken by a sample rotation in one image frame to give 
diffraction spots of NaCl (hk0) reflections, and the right upper plot is 2θ vs X-channel 
(horizontal direction) calibration for (hk0) reflections from the data taken in the left plot, 
while the right lower plot shows the Y-channel variation. 
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Fig. 3.30 Calibration measurement of NaCl single crystal of pC-2DPSD (left). Plot 
for 2θ vs X-channel of the measurement (right top) and Y-channel 
variation from the NaCl (hk0) reflections appearing in the equatorial plane 
(right bottom). 
 
 
 
 
Fig. 3.31 Fobs vs Fcal plot from the analysis of the NaCl measured data. 
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Fig. 3.32 A screen capture of a typical diffraction image during data acquisition from 
a MnF2 single crystal. Powder pattern-like background from the aluminum 
materials of the sample can, thermal shield, and vacuum shroud in the 
closed-cycle refrigerator type low-temperature sample environment. 
 
With the calibration result, NaCl single crystal was measured for its integrated intensity 
by an interval of Δφ = 0.016° and 25 points and by a continuous scan of φ-speed = 0.4 °/300 
sec(5 min). 225 frames over 90° for 18.75 hrs were then measured. Its structure analysis 
resulted in R(F) = 13.0% and lattice parameters of 5.6448(188), 5.6515(106), 5.6767(156), 
90.149(233), 90.510(275), 90.145(206), with a volume of 181.09(85) Å3.  The results of a 
structure analysis are expressed as the Fobs vs Fcal plot shown in Fig. 3.31. The first low-
temperature diffraction image was also taken from a MnF2 single crystal at HANARO, but a 
structural analysis could not be done. A typical diffraction image pattern is shown in Fig. 
3.32. 
In the late fall of 2007, the pC-2DPSD was transported to the JRR-3M guide hall from 
HANARO. A special sample stage equipped with a 4 K low temperature cryostat as a default 
condition, as shown in Fig 3.29 (right), was also transported to the T2-2 site from Tohoku 
university and installed together at the T2-2 port after removing the FONDER spectrometer 
temporarily, as shown in Fig. 3.29 (right) and Fig. 3.33.  
The cryostat is located below the top plate in the figure and coupled to the sample 
rotation axis with X-Y-Z adjusting devices using a magnetic seal to keep the sample vacuum 
shroud fixed during sample rotation. The green arrow shows the beam direction from the 
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front box attached to the T2-2 monochromator port, and the mid rectangular object is a 
custom made sample stage equipped with 4K CCR, where the vacuum shroud was removed 
and the cold finger is shown. The right object is the pC-2DPSD on a stand with air-pads. 
 
 
Fig. 3.33 Configuration view from the top at T2-2 port in the JRR-3M guide hall. 
The green arrow shows the beam direction from the front box attached to 
the T2-2 monochromator port, and the mid rectangular object is the custom 
made sample stage equipped with 4K CCR where the vacuum shroud was 
removed and the cold finger is shown. The right object is the pC-2DPSD 
on a stand with air-pads. 
 
After it was installed, the calibration procedure using the NaCl crystal at FONDER and 
a series of measurements on various samples were made with a wavelength 1.2454 Å from 
the vertically focusing Ge(311) monochromator. Typical conditions of the sample rotation of 
0.2°/min were used, which means the image data were usually taken 15 hours over 180° and 
900 frames per measurement. 
According to the calibration, the detector was defined as follows: 
– Radius of curvature;  550 mm 
– Covered 2θB range;  11° ~ 71° 
– Covered χd range;   -20° ~ +30° 
– Linear active area;   629 × 441 mm2 
– Conversion factor, Δ2θB/X; 0.332°/pixel 
– Conversion factor, Δχd/L/Y; 0.0057°/pixel 
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Fig. 3.34 Crystal structure analysis, NaCl measured by the pC-2DPSD installed at 
T2-2 FONDER site in JRR-3M guide hall laboratory. 
 
Typical analysis results are shown in Fig. 3.34 on NaCl as a Fobs vs Fcal comparison with 
RF = 4.2%. The measurement was made by 0.4° steps for a 90° range of φ-angle from 40° to 
130°, i.e., 225 frames for the cubic structure.  
During the experiments, low temperature to 4.3 K, a pressure device of 1.2 GPa and a 
magnetic field to 3 kG were applied to the measurements depending on their objectives and 
testing purposes. These devices are shown in Fig. 3.35, the upper photos of which show the 
high pressure device of 1.2 GPa with a 4.3 K low temperature cryostat for the experiments at 
5K and 25K on HoMn2O5, and we can see the magnetic Bragg reflections below 40 K. The 
lower photos show the magnetic field device and a typical data image taken with it at 15 K 
for terbium iron garnet, Tb3Fe5O12.   
Around the last period of a 1 year stay of pC-2DPSD in JRR-3M, there was also a trial 
measurement of a proton polarization, as shown in Fig. 3.36, which shows the configuration 
for a trial measurement equipped with an electric magnet (lower left) and a sample excited by 
a laser light and sample by microwave and laser excitation (lower center) and their diffraction 
image (lower right). 
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Fig. 3.35 Sample environments at T2-2 experiments. The top photos show the pressure 
device of 1.2GPa at 5K and 25K on HoMn2O5 measurement, and the bottom ones 
show the magnetic device of 3kG for measurement on TbIG (Tb3Fe5O12) at 15K. 
 
 
 
 
Fig. 3.36 A trial measurement on a proton polarization by Muto & Ikeda at KEK. 
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Table 3.3 Measurements and analysis results taken by the pC-2DPSD at JRR-3M. 
[Standard Sample] T(K)    a          b          c           α         β         γ 
NaCl 300K 5.645(8) 5.634(14) 5.614(25) 89.89(28) 90.17(22) 90.29(16) 
MnF2 300K 4.866(6) 4.874(14) 3.287(11) 90.29(17) 89.99(19) 90.08(7) 
MnF2 80K 4.865(4) 4.863(14) 3.273(15) 90.28(23) 90.31(23) 89.75(7) 
[Organic Conductor] 
β'-ET2ICl2 300K 12.897(8) 9.771(5) 6.561(12) 98.22(8) 100.77(11) 87.24(6) 
β‘-ET2ICl2 6K 12.791(7) 9.573(4) 6.544(10) 97.20(7) 101.21(8) 86.23(5) 
DODHP 300K 5.788(16) 9.200(9) 15.719(14) 101.32(9) 98.17(19) 106.86(14) 
[Multiferroic] : HoMn2O5 is measured under 1GPa by cylinder type high pressure cell 
HoMn2O5 300K 7.220(28) 8.486(60) 5.987(69) 91.16(67) 89.83(75) 89.91(47) 
HoMn2O5 25K 7.180(25) 8.492(53) 5.877(47) 90.80(59) 88.41(57) 89.91(48) 
(TbDy)MnO3 15K 5.290(6) 5.841(7) 7.369(12) 89.67(12) 90.17(12) 90.09(9) 
[Magnetic Structure] : (first row) 0 kG measurement, (second row) 3 kG measurement  
Tb3Fe5O12 300K 12.447(34) 12.433(32) 12.443(10) 89.05(11) 90.87(12) 90.18(21) 
Tb3Fe5O12 300K 12.288(35) 12.254(38) 12.440(20) 90.03(23) 90.01(22) 88.56(24) 
[Magnetic Structure] 
TbB4 300K 7.081(26) 7.053(19) 3.977(4) 90.61(15) 91.38(18) 90.10(25) 
TbB4 50K 7.111(21) 7.064(13) 3.998(2) 90.03(10) 90.18(13) 89.82(19) 
TbB4 30K 7.110(18) 7.067(12) 3.995(2) 90.17(8) 90.32(10) 89.70(17) 
TbB4 6K 7.114(18) 7.072(12) 3.999(2) 90.09(8) 90.24(10) 89.82(17) 
 
In Table 3.3, a list of measurements and their results are summarized using the pC-
2DPSD at JRR-3M.  
During the early period of this development work, the raw data processing had been 
mostly done manually with a few small programs for an easier workload, but was still a lack 
of proper crystallographic calculations, as shown in Fig. 3.37. Y. Ishikawa & Y. Noda 
developed the first working version of a peak search module, PSPC,[50] for these 2-
dimensional image data, as its screen captured image during the peak search process in Fig. 
3.38 shows. Its output result could be processed by crystallographic modules developed by 
Prof. Y. Noda for UB matrix determination by a vector minimum method and a proper 
Bravais lattice selection with a least squares refinement, as schematically shown in Fig. 3.39. 
Some of the results of the development and measurements at this stage were presented in 
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conferences [51-57]. From the stage of F-2DPSD to the pC-2DPSD, the data processing 
protocol had been changed mostly for the front part on the peak search from raw data frames 
set in the protocol described in Fig. 3.20 for F-2DPSD, in which PSPC took over the most 
time-consuming process of the peak search in a very systematical and reproducible way. 
In Fig. 3.37, the top left photo shows a typical screen of the pC-2DPSD data acquisition 
program, Coinonia, with a sub-screen for the data acquisition parameter setup. The top-right 
photo shows an image from the summation of a set of data frames from one measurement, 
and the photo clearly shows diffraction spot groups. The bottom-left photo shows a viewer 
program, Coramdeo, for data images, and the bottom-right photo is a histogram software 
screen for X and Y channel summations when we tried to obtain the integrated intensity. 
 
 
Fig. 3.37 Photos showing the status of the early period of data processing during 
2007–2008. From the top-left clockwise, data acquisition module, 
superposed data of the image frame set, intensity extraction module for 
each frame, and a manual peak search module. 
 
In Fig. 3.38, the left photo panel shows a typical working screen for the peak search 
process, and the right photo for the control panel for peak search setting parameters. When a 
measurement data set was given by indicating a directory and a typical file, the whole data 
images in the directory were then put into the PSPC program. By looking over the data 
images carefully, we could obtain the starting parameters for threshold intensity level for a 
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valid peak selection and search box size for a proper evaluation of the peaks with the 
background around the peak.  
 
 
Fig. 3.38 PSPC working screen capture image showing an image frame with 5 
searched peaks, and the selected peak shown in purple. 
 
At the first stage, the initial parameters for rather clear and strong peaks were selected 
for the peak search. In the left window screen, the peaks marked by blue boxes are peaks 
found, and the peak marked by a cyan colored box is the selected peak for a zoom display on 
the right with a simple histogram. The peak’s detailed numerical information is listed below 
the histogram sub-window. The lower-left display shows peaks list found by the previous 
peak search process, and all the peaks could be looked into carefully by clicking any item in 
the listing. 
Comparing with the F-2DPSD phase in Fig. 3.20, the manual procedure in the front part 
was replaced by a mostly automatic method using a PSPC module, as shown in Fig. 3.39. The 
PSPC module could do most of the time consuming tasks of the peak search over the 
measured data set, usually of 1800 frames per set. During this period, the detector set-up was 
changed to 512 channel mode from a 256 channel one, which produced a 1 MB file size per 
image frame contrary to the 256 channel mode of 0.25 MB per frame. Then, the PSPC should 
handle ~1.8 GB input data as a default condition for a 360° rotation by the 0.2° interval width. 
The PSPC was developed first for Mac OSX with an OpenGL library for easy portability for 
other platforms in the future. 
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The peak search algorithm at this stage looked rather good for relatively strong peaks, 
but the integrated intensity extraction with a background subtraction from various intensity 
pixel distribution conditions was still not satisfactory. The construction of partial spots 
distributed over several consecutive frames into a complete peak was good, though the spots 
appearing at the edge area were poor yet. 
 
 
 
 
Fig. 3.39 Work flow schematic from the raw data to the analysis stage. 
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3.4.5. Conclusion 
Although the ‘curved’ structure worked as designed, the characteristic capacitance from 
the overall detector volume became much larger than expected due to the cathodes plane’s 
pads-surface configuration like a capacitor. The other detector parameters and the long-term 
operational stability showed a very good performance exceeding the early phase expectations. 
A pictorial comparison between F-2DPSD and pC-2DPSD with their typically acquired data 
images was made together with their linear areas in Fig. 3.40, showing a ~x11 increase in the 
detection area. 
We therefore decided to develop a larger-area curved PSD with a targeted angular range 
of 150°×60° in the 2θ and χ directions, respectively, when found to be practically feasible. In 
addition, the finally implemented large-area C-2DPSD had a linear active area of 937×520 
mm2 and an active angular range of 110°×56° in the 2θ and χ directions, respectively, with a 
nominal radius of curvature of the anode of 530 mm, as shown in the next section. 
 
 
 
Fig. 3.40 The Comparison of areas of 1st flat 2DPSD (F-2DPSD) and 2nd 2DPSD 
(pC-2DPSD). The area of pC-2DPSD is ~x11 times larger than that of the 
small area F-2DPSD. 
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3.5. Design and Fabrication of the final large-area C-2DPSD 
3.5.1. Design changes of the C-2DPSD 
Through the experience of the design, fabrication, and performance testing of the pC-
2DPSD in field operations at the HANARO FCD and JRR-3M FONDER under a 
diffractometer configuration for over 1 year, the basic concept and technical feasibility of the 
curved C-2DPSD was validated.  
As the horizontal covering range becomes wider and wider, it becomes better to measure 
the diffraction signals efficiently due to the neutron scattering properties from a constant 
scattering length contrary to the X-ray’s form factor behavior decaying rapidly over the high 
scattering angle region. We therefore searched the maximum available technical and practical 
conditions in the market and mechanical workshop with the objective of a 150°x60° coverage. 
Precise curved shaping machining was possible, though a long time was needed and it was 
expensive due to the requirement of a large 5-axis machining center. But high-quality large 
volume rectangular-shape ingots of aluminum 6061T6 or 5083 with MIL-STD (United States 
Military Standard) quality control for the two aluminum objects of the front body and the rear 
cover were very limited under the guarantee of minimum internal residual stress over the 
large volume, and without any pin-hole sized void for vacuum use. In addition, the 
fabrication of a custom-designed large area monolithic printed circuit board was also a 
technical limit in the market. 
Based on the available possibilities from the market situation, technical feasibility under 
the budget and project period, the design parameters for the large area detector were 
gradually developed and adjusted under the baseline of efficient data collection and 
throughput capability. Finally, the design target specifications to develop a larger-area C-
2DPSD could be compromised to cover 110° horizontally and 60° vertically. The cathode 
plane structure, as shown in Fig. 3.41 (c), was also modified to reduce the long total delay-
time of the prototype by separating the two close located planes by the anode plane in-
between based on the testing results using a small-sized detector. With a small-sized detector, 
precise measurements on the total delay time with the capacitance and impedance of the 
detector body were made depending on various configurations of frames of wires, and 
different sizes of pads and stripes. The key conceptual change was that the X-cathode plane 
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and the anode plane are wire-frames in the vertical direction, and the Y-cathode frame 
consists of horizontal stripes on a single-sided PCB plate bent into a curved plane. That is, the 
cathode structure has a separate cathode plane each in X-Y direction.  
 
 
 (a)                       (b)                       (c) 
Fig. 3.41 The internal wire frame structure of (a) a conventional two-dimensional 
position-sensitive detector such as F-2DPSD, (b) double-sided pads 
structure of cathode planes in both X- and Y-readout directions of the 
prototype detector, pC-2DPSD, and (c) three separate frames of mixed 
structure of wires and stripes of the new larger area C-2DPSD. 
 
Several customized tools and jigs for moving, lifting, assembling, and disassembling the 
heavy detector bodies were also designed and built newly or by modifying commercial 
devices, and many tools already used were improved based on the experience of handling the 
prototype pC-2DPSD.  
We modified the detector’s mechanical and physical parameters to adjust for the much 
larger area and volume of the final full-scale C-2DPSD, as specified and compared with the 
prototype pC-2DPSD in Table 3.4. 
Several stages of mechanical structure design together with an FEM stress analysis were 
performed to predict the maximum deformation under various conditions during the assembly 
process and under operating conditions, because even relatively slight deformations could 
strongly affect the wire tension of the anode and the cathode frames inside the detector box. 
In this 2nd design phase for the C-2DPSD, the much larger linear dimension and volume of 
the detector box also requires a much strengthened structure and thickness under a similar 
pressure to the pC-2DPSD and vacuum state. A new design and analysis for the stiffeners at 
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the upper and lower sides was also required because when the detection angle became larger 
over 90° from the old 70°, the old design like a chord plate blocked the sample area from the 
top and bottom sides. 
 
Table 3.4 Comparison of the design parameters between the prototype, pC-2DPSD, and the 
larger area curved 2-dimensional position-sensitive detector, C-2DPSD. 
Parameter Prototype pC-2DPSD Final C-2DPSD 
Effective coverage area 629 × 441 mm2 937 × 520 mm2 
Detection angle (hor. × ver.) 70° × 45° 110° × 60° 
Detector radius of curvature 550 mm 530 mm 
Detection depth 22 mm 33 mm 
Detection gases & pressure 3He 3.6 bar + CF4 1.5 bar 3He 5.0 bar + CF4 1.5 bar 
Target efficiency at 1 Å 40% 45% 
Window thickness 8-mm-thickness Al 10-mm-thickness Al 
Detector weight ~110 kg ~200 kg 
Readout method Delay-line, single segment Delay-line, single segment 
Total delay-time 370 ns 270 ns 
 
Based on these design changes and FEM stress analysis, the final design had a 
horizontal covering angle of 110°, with a nominal radius of curvature of the anode of 530 mm 
with round band type stiffeners, as shown in Fig. 3.42. Though the diffraction signal 
detection angular range became reduced from the target value of 150° due to limits of the 
technical implementation, this enabled the single segmented delay-line arrangement to be 
easily possible instead of a double segmented delay-line structure proposed to cover the 
larger detection angle. This made all of the counting electronics and the interface to the data 
acquisition system simpler, lower in cost, and robust in both initial investment and long-term 
maintenance. Although the horizontal angular coverage of 110° is somewhat less than the 
initial design objective of 150°, we can rotate the detector unit around the sample table by 
~40° to cover a wider diffraction angle range of up to ~160°.  
To investigate the long-term mechanical rigidity and stability of the detector, we 
performed detailed case studies of the possible deformations and position displacements 
using FEM under possible materials and assembly, disassembly, and field working conditions 
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as practical as possible, and the modified semi-circumference mechanical stiffeners to the 
upper and lower sides of the detector box front were proved to reduce the deformation of the 
chamber significantly, but at this time, the thickness around the left and right sides of the 
front body became much thicker than the pC-2DPSD case. The displacement of the detector 
box under 6 bars of gas pressure resulted in less than 0.4 mm at the middle of both the left 
and right center regions of the detector window, as shown in Fig. 3.42. 
 
      
Fig. 3.42 Three-dimensional shape of the C-2DPSD (left) and FEM stress analysis 
result (right). Maximum displacement of the detector chamber window 
area became less than 0.4 mm at 6 bars of gas pressure, which was less 
than 1 mm at 6 bar. 
 
Another change in the internal wire frames was its fixing method to the detector 
aluminum body, as schematically shown in Fig. 3.43. Maintaining the uniform tension 
distribution was very difficult on the maintenance occasions such as the fixing of the wire 
frames. The frames installation in the pC-2DPSD during the assembly process was the 
stacking of one on the other. Although several preliminary drillings, careful works using 
torque wrenches and changing the order of the fixing bolts were made, it was not easy task to 
assemble and disassemble. Another fixing method was considered to be a separate fixing for 
each of the frames independent on the other frames for the C-2DPSD design, but that idea 
resulted in a huge internal volume for the required fixing fixture for each frame and also in 
the area increase with respect to the active area of neutron detection It also required much 
thicker meat of the aluminum body.  
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Fig. 3.43 A Schematic cross-sectional view of C-2DPSD. Separate wire frame 
supporters were provided to get a uniform stress distribution over the three 
frames of wires and stripes, and easy handling for assembly, maintenance, 
and access during cleaning process. 
 
Combing with the consideration of convenient maintenance for troubleshooting around 
the wire frames, the final design was adjusted with two separate fixing supports; one for the 
front cathode wire frame only, and the other for the anode and cathode stripe frame similar to 
the pC-2DPSD case. Until now, even after the refurbishment of C-2DPSD around the second 
half of 2012 after ~2.5 years of operation, the front cathode part has been fixed without any 
maintenance operation since its first assembly, and thus this structure has proved to be a good 
compromise between the rigidity, minimum internal volume, and easy maintenance and 
assembly. 
Mechanical implementation based on the design freezing described in Fig. 3.42 and 3.43 
is given by Fig. 3.44. In this final design phase, very careful inspection and evaluation were 
provided for feasibility for practical working conditions, such as accessible space inside by 
hand and all of the tools, sufficient insulation against high voltage bias line and connection, 
cable and wire handling space, and any sequestered space for dust or debris, which could 
produce persistent problems for a sound operation. Some spare connectors were provided in 
the bottom part of the detector body for trouble fixing and maintenance purposes. 
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I  
Fig. 3.44 A Schematic drawing for dimensions of the final design phase. In this 
phase, very careful inspection was made for feasibility for practical 
working conditions such as accessible space inside, enough insulation 
against high voltage, cable and wire handling space, and any sequestered 
space for dust or debris, which could produce persistent problems for a 
sound operation. 
 
 
3.5.2. Fabrication of the C-2DPSD 
The materials for the detection box (the front part containing the neutron passing 
window and the rear part for the back cover and a number of fixing holes) are made of 
aluminum alloy (6061-T6), and the window thickness became thicker at 10 mm, which has a 
transmission of ~95 % for 1 Å thermal neutrons.  
The anode plane is made of φ10 µm gold-plated tungsten wires soldered to a thick PCB 
frame, and the spacing between the anode wires is 3 mm. The cathode plane in the X-
direction has the same structure as the anode, and the cathode plane in the Y-direction is 
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made of 3 mm wide gold-plated copper stripes spaced by 1 mm, etched on a printed circuit 
board. Each node of the cathode planes is connected to a tap of a lumped delay line unit, 
which has a 39 pF capacitor, a 95 nH inductor, Zo = 50 ohms, and a unit delay of 1.8 ns/tap. 
The total delay-time in the X-direction over 150 nodes was then confirmed to be 270 ns, the 
design value. The aluminum-based bent frame was attached tightly to each of the wire frames 
to enforce the radius of curvature on the PCB frame and assembled into the detector box body 
one-by-one, as shown in Fig. 3.45. 
Before the wire frame build-up process, the front part of the detector box was equipped 
with He-gas tight hermetic connectors and assembled without any internal structures for 
testing of He- gas leak using a He gas leak detector. Along with this testing, the amount of 
stress deformation was measured by a dial gauge under vacuum and working pressure 
conditions. Any deformations measured in the environmental temperatures over a ~1 month 
period resulted in lower values compared with the FEM results. Preliminary cleaning of the 
wire frames, including all detector components, was done in a clean bench, and the final 
detector cleaning and assembly was done in a class-1,000 clean-room. These procedures are 
shown sequentially in Fig. 3.45. 
 
 
 92 
 
 
Fig. 3.45 Photos shows the procedure from the end of fabrication of the Al body, 
anode and cathode wire soldering and frame formation, and cleaning the 
wire frames to the last cathode frame assembly in the order of rows. 
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3.5.3. Initial laboratory working test of the C-2DPSD 
After finishing the assembly of the detector, the usual initial testing procedure was 
performed. First, we did a series of flushing using Ar and He gases, and gas leakage testing 
over a long period, as before. After checking the electric insulation, delay-time length and 
signal shape with impedance values, then first we injected Ar gas and tried to see the 
functioning using the 241Am source for plateau behavior, high voltage bias on the anode and 
drift, and the electric field distribution uniformity by looking at the lengthy 241Am source 
signal measurement, and the intrinsic detector background by a lengthy background 
measurement without any source.  
This process was repeated stepwise as the Ar gas pressure increased from ~0.5 atm to 
3.5 atm. As the pressure increases, the proper plateau voltage also moves to a higher value, 
causing some problems in its early phase of function testing, such as sparks in the wires due 
to any fine dust, or occasionally wire-cutting due to a non-uniform electric field formation 
mostly from an irregular tension over a few wires in the anode frame among the huge number 
of wires. Then the box should be opened, and a lot of effort to fix the broken parts was made, 
and the whole procedure had to be done again from the start. 
When no any trouble was found up to the expected high voltage region using Ar gas for 
the design pressure of the gas mixture of 3He and CF4, and a good performance was proved, 
then about ~3 to 4 days of a vacuuming process was applied using a turbo-molecular 
pumping unit and applying hot heat over the detector box body using an electric heat band to 
remove any small amounts of residue gases mostly from the PCB materials and moisture. 
This process proved very important together with cleaning and removing fine dust and debris 
for long term high performance operation of the detector. But this process is still heavily 
dependent on empirical experiences and usually much more time and effort were needed as 
the area or volume was increased more. Then, 3He gas was injected to a low pressure of ~0.1 
atm, and after waiting ~1 day, the detector plateau characteristics were measured and the 
overall uniformity and local defect spots were also surveyed using a laboratory neutron 
source, as shown in Fig. 3.46. 
With the Ar gas phase through the low pressure 3He gas phase to the design pressure of 
the 3He gas phase, functional testing with the signal characteristics such as shape, delay time 
and impedance were repeatedly measured and monitored for a longer time of roughly 3 days 
to 1 week under fixed operation parameters. The overall working arrangements are shown in 
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the upper photos for basic operation and electrical signal characterization in Fig. 3.46, and a 
long-time operation under a neutron source AmF, plateau or background measurements is 
shown in the photo lower left, where the white object located before the C-2DPSD window is 
the HDPE cylinder containing the neutron source AmF. Then, additional He-3 gas including 
CF4 quenching gas was put gradually into the detector chamber up to 1 atm, resulting in a 
neutron detection efficiency of around 15% (theoretical value) at a neutron wavelength of 1 Å. 
The detector was maintained under normal operating conditions of high voltage bias and drift 
voltage bias, and its plateau was measured repeatedly over a one-month period at the detector 
laboratory. 
 
 
 
Fig. 3.46 Photos showing the procedure from various characteristic measurements 
and functioning tests with Ar gas to long-term operational test with a small 
amount of 3He gas in the detector in the laboratory. And when all the tests 
were passed, normal neutron beam testing with proper amount of 3He gas 
was arranged at the beam port. Functional test in the detector laboratory 
(lower left) and C-2DPSD test installation at the HANARO FCD site 
(right) for neutron beam testing. 
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When the C-2DPSD showed stable operation under full working condition at that time, 
it was moved into the HANARO reactor hall and installed at the FCD site temporarily (lower 
right in Fig. 3.46) for in-beam testing under monochromatic neutron beam conditions, in 
which the available neutron flux was greatly higher than the isotope source in the detector 
laboratory, as shown in the photo lower left in Fig. 3.46. Therefore, clear plateau data 
representing the detector operation characteristics could be measured easily using a NaCl 
standard single crystal, and due to its high flux at the sample position, huge signal counts 
uniformly over the detector area could be made continuously by using a typical incoherent 
scatterer, Plexiglass rod or ball. It could then be possible rather easily to find any defects in 
the wire due to the still remaining fine dust. Usually, it took around ~1 month to see any 
defects appearing after intense operation under a neutron beam, and usually no more defects 
thereafter appeared. During this period, it was also used for diffraction measurements and the 
technical development of data preprocessing and correction procedure establishment from 
time to time. Of course, FCD was open for external users and whole time slots allocated for 
C-2DPSD were quite limited, but in the 2008-2010 period, HANARO had very many 
irregular operation days due to many engineering tests and facility installations such as the 
fuel test loop and the cold neutron source, some time slots of inconvenient schedule for FCD 
external users could be utilized for C-2DPSD testing and measurement.  
This new C-2DPSD has a much better performance overall even though its area 
increased ~2 times than the pC-2DPSD and complies with the physical design goals. There 
were two primary objectives for the large C-2DPSD after the prototype experience. The first 
objective was to expand the detector’s coverage to a solid angle of 110°×56° in the equatorial 
plane angle of diffraction, 2θΒ, and the angle of elevation to the detector spots off the 
equatorial plane, χd, directions, respectively, with a nominal radius of curvature of the anode 
of 530 mm. The second objective was an accurate total delay-time of its readout cathode 
planes of in X-Y directions. The third objective was to maintain the detector’s long-term 
mechanical rigidity and operational stability. We also took the dedicated diffractometer 
specifications into consideration of the dimension of this new larger C-2DPSD for one of its 
applications on large unit cell systems of organic compounds to bio-materials, and so it now 
carries the project name of Bio-D at beam port ST3 of HANARO. 
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3.6. Functional test and performance results 
In the beginning, C-2DPSD was installed at FCD using a 1.31 Å neutron beam, and its 
overall working performance, counting plateau and background characteristics using a NaCl 
single crystal were then measured. When the C-2DPSD was used each time, it was only a 
short temporary installation, and continuous and consistent works could not be continued 
because the main beam-time portions for this port were allocated for FCD outside users. 
About 1 year after the first reactor neutron beam testing, we could start to install the detector 
at its dedicated diffractometer station at the ST3 tangential beam port next to the ST2 port at 
HANARO. This diffractometer construction will be described in more detail in Chapter 4.  
When the dedicated diffractometer could be installed, about ~45 liters of He-3 gas could 
be injected further to reach a total pressure of 4.5 atm. The detector characteristics showed an 
anode high voltage bias of around +2550 V, as shown in Fig. 3.47, and a drift voltage of -600 
V according to the plateau measurement, and a detection efficiency of about 30 % at 1 Å. 
 
 
Fig. 3.47 Plateau measurement by the plot of neutron counts vs the anode bias 
voltage on the C-2DPSD using a monochromatic beam at the Bio-D, and 
the bais voltage was determined to be +2550 V. 
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We can inject up to ~70 more liters of additional He-3 gas (totally ~215 liters of gas and 
6.5 atm in absolute pressure, or 5.5 atm in relative pressure), and the expected detection 
efficiency would be ~45 % for 1 Å neutrons. These efficiency values were lower than its 
theoretical one given by the product of pressure, wavelength, and depth as shown in Fig. 3.5 
(b). 
The spatial resolution of the C-2DPSD was measured using a Cd mask of 3×4 holes of 1 
mmφ at 10 mm pitch, as shown in Fig. 3.48 (a). A direct beam with an attenuator was 
irradiated through these pin holes to the detector window with a direct beam almost covering 
the 3×3 array of holes. The dots with lines in Figs. 3.48 (b) and (c) show intensity profiles 
along the centerline of the holes in each direction, and the red lines show typical Gaussian 
fitting over the 4 peaks in the X-direction and 3 peaks in the Y-direction located at the center 
row and column. The measured spatial resolutions in FWHM were estimated to be 6.4 mm 
(3.16 channels) in the horizontal X-direction and 4.8 mm (2.66 channels) in the vertical Y-
direction, respectively. 
Finally all the parameters for its use were determined by measurement, and its 
practically implemented specifications are summarized in Table 3.5. 
 
 
 
(a)                      (b)                           (c) 
Fig. 3.48 Spatial resolution measurement using a Cd mask of a 3×4 array of 1 mmf 
holes at 10 mm pitch. (a) a contour plot of the measured intensity 
distribution, and (b) and (c) plots of the intensity profiles along the X- and 
Y-directions, respectively. 
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Table 3.5 Measured specifications of C-2DPSD. 
Active area 937 x 520 mm2, single segment delay-line 
Angular coverage 
110° (curved) in X- and 54°in Y-directions 
with a radius of curvature of approximately 53 cm 
400 ch in X & 252 ch in Y under 512 ch encoding 
Position encoding 
MWPC, delay-line readout on cathode wires & strips 
total delay-time in X of 240 ns & in Y of 170 ns 
Position decoding fast TDC with CFD with a timing resolution of 128 ps 
Position resolution 3.16 ch (6.4 mm) in X & 2.66 ch (4.8 mm) in Y 
Detection gas mixture 3.9 atm 3He + 0.7 atm CF4 
Detection depth 34 mm 
Gas multiplication ~1,000 
Detection efficiency ~35%@1.153 Å, 44%@2.204 Å 
Differential non-linearity < 5 % 
Integral non-linearity < 3 % 
 
3.6.1. Detection efficiency estimation of C-2DPSD 
The detection efficiency of C-2DPSD was estimated by combining two results of a Au-
wire neutron activation analysis at the sample position and the NaCl measurement at the FCD. 
Since the detection efficiency by the FCD detector is ~100% at around 1 Å or longer, if we 
use the same NaCl single crystal specimen at both FCD and Bio-D diffractometers under the 
same measuring conditions such as ω-scan speed in continuous scan mode, we could estimate 
the efficiency of C-2DPSD. When the C-2DPSD was installed at the FCD site, this 
comparison was direct because even the same incident beam condition was used. But when 
the C-2DPSD was installed at the ST3 port for the diffractometer Bio-D, this comparison 
requires correction for wavelength difference though the same procedure could be strictly 
applied. 
 
The diffraction intensity by a single crystal is given by 
LEAhklFCI ∗∗∗= 2)(  
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where C is a scale factor, F is a structure factor, A is an absorption correction, E is an 
extinction correction and L is the Lorentz factor. Here, the scale factor C can be given by 
Dm VC εωλφ ∗∗∗∝
1)(
 
where φ(λm) is a flux at the sample position with respect to the monochromatic wavelength 
λm, ω is the continuous scan speed given by deg/min, V is the volume of the specimen and εD 
is the efficiency of the detector.  
As for the ω scan and θ-2θ scan, the Lorentz factor for FCD is given by 
B
m
FCDL θ
λ
2sin
3
=
 
As for C-2DPSD, the Lorentz factor is given by 
dB
m
BioDL χθ
λ
cos2sin
3
=
 
where χd; is the angle of elevation, off the equatorial plane. When the diffraction intensities 
for different diffractometers are compared with each other but with exactly same specimen of 
a single crystal, here NaCl laboratory standard single crystal specimen, some of the factors 
could be cancelled out such as the absorption correction factor A and extinction correction 
factor E under the condition of not so different wavelengths even though they are also 
dependent on the wavelength applied. In the comparison of FCD and Bio-D, the wavelengths 
are 1.313 and 1.153 for FCD and Bio-D, respectively, and the difference in the wavelengths 
is not large. Then, for rather high-q (high diffraction angle) region peaks, these A and E 
factors could be neglected easily without sacrificing accuracy. Now, the absorption, 
extinction and volume factors could be cancelled out for the comparison, and for only the 
equatorial diffraction peaks, the angle of elevation χd becomes ~0, and the same formula for 
the Lorentz factor could then be applied for both integrated intensities from FCD and Bio-D. 
By comparing the integrated intensity between the Bragg peaks of (hk0) from FCD and 
Bio-D together with the experimental parameters of sample position fluxes for them, the 
efficiency could be compared. The flux at the sample positions φs were measured in March 
2012 for FCD 1.314 Å and March 2013 for Bio-D 1.153 Å by using a Au-wire neutron 
activation analysis method, and they were 1.68x106 at 30 MW for FCD and 1.88x106 at 
27MW for Bio-D. And the diffraction measurement on a NaCl single crystal specimen were 
measured by a continuous scan method using 2.4 deg/min for FCD and 1.2 deg/min for Bio-
D. These parameters are summarized in Table 3.5. Then, the comparison could be given by 
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When we put the numerical data into the comparison formula, 
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Then, this becomes the efficiency formula by 
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Extracting the integrated intensities from FCD and BioD on the reflections appearing 
only on the equatorial planes with index (hk0), the efficiency of C-2DPSD at 1 atm 3He 
pressure is given by ~10.5% from the following Table 3.6 with the assumption of FCD tube 
detector efficiency εFCD~1.0 at a wavelength of 1.314 Å. 
 
Table 3.5 Parameters for the efficiency estimation of C-2DPSD at 1 atm 3He gas 
pressure. 
Device Port λ (A) φs (n/cm2-sec) Scan speed Remark 
FCD ST2 1.314 1.68x106@30MW 2.4 deg/min 2012.02 
C-2DPSD ST3 1.153 1.88x106@27MW 1.2 deg/min 2013.03 
 
 
Table 3.6 Data used for the efficiency evaluation for C-2DPSD. 
hkl 
FCD 
Integrated 
Intensity 
sin(2θ) 
IntInt* 
sin(2θ) 
Bio-D  
Integrated 
Intensity 
sin(2θ) 
IntInt* 
sin(2θ) Ratio 
Ratio* 
0.663 
2 0 0 47094  0.4518 21277  8305 0.3990  3314 0.1557 0.103  
2 2 0 38826  0.6204 24087  6935 0.5519  3827 0.1589 0.105  
4 0 0 30404  0.8227 25014  5303 0.7444  3948 0.1578 0.105  
2 4 0 27501  0.8876 24409  4607 0.8113  3738 0.1531 0.102  
4 4 0 22130  0.9906 21922  3787 0.9420  3567 0.1627 0.108  
6 0 0 21417  0.9996 21409  3614 0.9676  3497 0.1633 0.108  
6 2 0 20813  0.9969 20748  3329 0.9856  3281 0.1581 0.105  
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The flux and diffraction measurement for Bio-D were made at 27 MW reactor power 
operation condition, and thus under the same normal power operation assumption of 30 MW, 
the efficiency of C-2DPSD will be εBio-D ~11.7%, which is a little bit less than its theoretical 
efficiency of ~13.5% at 3He pressure 1 atm. Note that the final 3He gas pressure of C-2DPSD 
will be ~4.0-4.5 atm, thus the expected efficiency might be ~40-45%. 
 
 
 
3.7. Detector defects and refurbishment 
When the detector was first installed at the FCD site and an early phase characterization 
was done, a long-time measurement for a high count over the full area was conducted by an 
incoherent specimen of an Plexiglass (PMMA commercial brand) ball of 15 mm disclosed 
detector defects spots. In Fig. 3.49, the two images were taken ~7 months apart, and the right 
image taken after 7 months shows that many of those spots are stable. These black spot areas 
act like a pit and thus the intensity at these area pixels appears to be greatly reduced. When 
we try to get integrated intensities, these defect areas make serious degradation effects to 
proper peaks.  
 
 
 
Fig. 3.49 Homogeneity measured by an incoherent specimen, Plexiglass ball of 15 
mm diameter, at November 2011 and June 2012. Defect areas of the 
detector are shown as black spots. 
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In August 2012, full scale detector refurbishment was decided to commence user service 
with a best achievable condition of the detector because the commissioning had been 
completed as of the end of June 2012, and thereby, the instrument milestone of 'launching for 
users' could be made soon thereafter. However, this was also a very risky decision. Since 
early 2009, a worldwide 3He gas shortage has continued and its purchasing cost increased by 
~30 times than the early 2008 price, and even under this high price, it is still very hard to 
obtain due to the intrinsic shortage. This means that if we lose any gas amount from the 
extraction process of 3He gas from the C-2DPSD, we could not recover it for a long time. 
 
 
Fig. 3.50 Microscopy photos showing wire damage cases after a serious cleaning 
process of the anode wires with the C-2DPSD black spots. The Au surface 
plating on tungsten wire were removed and thus the damaged part shows 
smaller thickness than other region of the wire: (a) the damaged part and 
the anode deposits still not cleaned, (b) not perfectly cleaned yet, (c) better 
cleaned, and (d) well cleaned. 
 
 
After the gas extraction process was tested with 4He gas and the gas separation process 
between 3He and CF4 was tested, too, all the gas inside C-2DPSD was extracted for ~1.5 days. 
The chamber was opened and we knew the defects spot positions already by Fig. 3.49, and 
most of tungsten wires with defects were collected and inspected with a microscope. The 
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photos shown in Fig. 3.50 were taken by x500 magnification on the 10 µmφ Au-plated W-
wires. 
All the damaged anode wires from the C-2DPSD black spots of Fig. 3.49 showed that 
the Au surface plating on tungsten wire was removed and some parts were still contaminated 
by carbon soot formed from dust sparks or quenching gas, and thus the damaged part shows a 
smaller thickness than other region of the wire. In Fig. 3.50, the upper left photo (a) shows a 
status in which the damaged part and the anode deposits are not cleaned yet even after 
repeated cleanings, and the upper right photo (b) shows its status is not perfectly cleaned yet. 
The lower photos, (c) and (d) show its status is better or well cleaned. 
And the tension applied by the 320 wires over the anode frame is huge, and uniform 
tension distribution is very important for the detector performance and data quality. The first 
option was just cleaning the wires as much as possible as they were in the anode wire frame, 
and then only a few too bad wires were replaced one by one. However, several times of 
cleaning, re-assembly and functioning tests by Ar gas showed no improvement.  
 
Fig. 3.51 Detector counts images during the early refurbishment by just cleaning and 
damaged wires replacement. 
 
The left figure in Fig.3.51 shows the status after early cleaning only with some of the 
wires replaced. Since cleaning only could not improve the status, some of the wires were 
gradually replaced. The gray area in the figure is a mark for orientation and many of the 
defected dots remain, though the sizes were usually reduced a lot by comparing this image 
with Fig. 3.49. And more hard difficulties were the highlighted lines due to a different 
electric field from the new wires. The right figure shows the image after many cleaning 
processes and slightly adjusting the wire tension for new wires. As was clear from the images, 
the damaged parts could not be recovered well, which was different from many small sized 
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detectors, even though many cleaning processes and even new wires replacing some of the 
bad wires also resulted in wires of different tension, i.e., different electric field. 
Based on this observations and the microscope surveyed results, it was concluded that 
the defected wires got permanent damage by the removed Au plating on the surface, which 
resulted in a big difference in the electric field due to the wire diameter change, and so the 
defect spots could not be removed well though they were reduced greatly. Even worse 
behavior was the uneven tension in the new wires different from the old wires, and this was 
attributed to a different batch of the wire roll with same type number even though all the 
wires were from the same company but from a different period. And even the remaining old 
but good wires showed its surface color as dark brown changed from bright gold and this 
meant that the initial state of wires seemed to be not so good due to a long assembly time and 
a present good clean-room was not available at the time of the first assembly.  
Then, the second option was therefore adopted to change all the anode wires at once, 
which became actually a new anode wire frame formation. The front cathode wire frame to 
the window side was not replaced but cleaned only, and the rear cathode frame was replaced 
only for some of delay-components and wire connections to the connectors. However, as for 
the anode frame, all the wires over the frame and a terminal to the high voltage bias 
connection to the connector were replaced. The same procedures described in sections 3.4 
and 3.5 has been done from the beginning and then C-2DPSD has 2 atm 3He gas and 0.5 atm 
CF4 with a spatial resolution of 8.16 mm in the X-channel and 7.57 mm in the Y-channel, 
which were previously 6.4 mm in the X-channel and 4.8 mm in the Y-channel at a CF4 
pressure of 0.7 atm. Newly acquired data image from the incoherent scattering from the 
Plexiglass ball is shown in Fig. 3.52, which shows no defect spots. 
In May to June 2013, gas mixture pressure of ~4.5-5 atm with ~3.5-4.3 atm 3He and 
~0.5-1.0 atm CF4 was tried again gradually with beam testing in each pressure step of 3He or 
CF4 gas and then finally a total gas pressure of 5.03 atm with 4.33 3He and 0.70 atm CF4 was 
reached. Under this gas mixture pressure, widely varying operating parameters were searched 
in terms of the anode bias voltage, the drift plane bias, anode signal discriminator level and 
detector working behaviors described by the integrated intensity of NaCl (400) peak with 
those conditions as shown in Fig. 3.53 
Even the anode bias up to +3020 V with a drift bias -960 V was possible to operate the 
C-2DPSD but several unsatisfactory behaviors happened such as leak current outbreak and 
continuation, occurrences of small hot spots and blackout regions. At each of various 
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conditions of operation, 1~3 days continuous measurement was made, analyzed and 
compared with the behaviors at other conditions. As a kind of aging the detector, several 
months of continuous operation might be needed to get fully stabilized operating conditions.  
 
 
Fig. 3.52  Data image (pseudo-color) after refurbishment of C-2DPSD at 1 atm 3He 
gas pressure. 
 
 
 
Fig. 3.53 Schematic showing the operating characteristics of the fully charged C-
2DPSD with a gas pressure of 5.03 atm (4.33 3He + 0.70 atm CF4) by 
measuring the integrated intensity of NaCl (400) peak. 
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A long time of 10k sec incoherent scattering image using a Plexiglass ball of φ10 mm 
under the RT vacuum sample chamber was taken for uniformity and search for any small 
defects. From this image, there are two low efficiency regions as shown by dark gray color in 
the central height and left and center positions as shown in Fig. 3.54. 
This fully gas-charged C-2DPSD with a fully refurbished anode wireframe will be 
operated for real measurements for research works and also operated as a test mode up to the 
end of 2013 to find its stable and optimum working conditions. 
 
 
 
 
Fig. 3.54 Photo showing the data image from uniform exposure using the incoherent 
scatterer, a plexiglass ball of φ15 mm, to the detector positioned at 2θc = 
65° taken under the vacuum sample chamber with a Cd sheet attached as a 
kind of wing to the detector end side of the incoming beam direction. 
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3.8. Conclusion 
A final large-area C-2DPSD has been developed based on experience accumulated 
during the pC-2DPSD fabrication and field use. The C-2DPSD’s active area is ~twice that of 
the pC-2DPSD as shown in Fig. 3.55, with important change in the internal wire frames and 
optimization of a lot of mechanical parameters and electrical connections, too. Its effective 
coverage angle is 110° x 54° in the horizontal and vertical directions with a radius of 530 mm. 
The total delay time in the X-direction is 270 ns, as designed. Functional properties and 
characteristics of the detector, determined by the plateau and uniformity measurements with 
intrinsic background rate and various diffraction measurements, showed good and stable 
performance over ~3 years, and its overall measuring capability showed promising 
confidence for a dedicated diffractometer construction.  
Construction of a dedicated diffractometer equipped with C-2DPSD at beam port ST3, 
HANARO was decided in late 2010, which is described in Chapter 4. The detector 
refurbishment was decided in 2012 summer to remove the defect spots though it was risky 
due to the worldwide 3He shortage. This refurbishment became another challenge due to 
many subtle aspects of the detector internal structure. 
 
 
 
Fig. 3.55 The Comparison of the prototype detector pC-2DPSD and final large area 
C-2DPSD. The area of C-2DPSD is ~x1.7 times larger than that of the 
prototype pC-2DPSD. 
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4. Development of a new neutron diffractometer 
based on the developed C-2DPSD 
4.1. Introduction 
After the large area, curved position-sensitive detector, C-2DPSD, had been developed, 
internal demand for a dedicated diffractometer increased a lot, and then later in mid 2010, a 
small but new budget could be secured for modifying the old monochromator shield, half of 
spectrometer components and extra 3He gas cost. But due to the ever increasing cost of 3He 
gas at that period and rarity in the market, much of the budget was spent on purchasing the 
100 liter 3He gas and the auxiliary equipment budget should be cancelled. The diffractometer 
commissioning was finished and is now about to be on the instrument milestone of 
‘launching for users’. The diffractometer commissioning was done together with 
development of the measurement methodology and raw data processing software package, 
the Reciprocal Analyzer. The diffractometer is equipped with a mosaic monochromator of the 
Ge(311) surface normal, and two super-mirror vacuum guide paths both before and after the 
monochromator position. The commissioning incorporates corrections and calibration of the 
instrument using a NaCl crystal. 
The measurement time for a typical laboratory X-ray single crystal diffraction on ~0.1 
mm3 specimen volume would take about 3~4 days at one temperature point, and for 
synchrotron X-ray SCD, it is usually about 1 day for a ~10 µm sample. Even modern 
research reactor-based neutron SCD takes ~3 days to 3 weeks for data acquisition for a 
typical specimen size of ~10 mm3. These days, some reactor-based Laue-type diffractometers 
already take typically 1 day for 0.1 mm3 sample volumes for smaller unit-cell crystals, and 
newly built SCD machines at spallation neutron sources are targeting ~1 day for 0.1 mm3 
sample volumes, which is similar to that for the laboratory X-ray case.  
The new neutron single crystal diffractometer based on a large-area C-2DPSD is 
installed at the beam port ST3 in the research reactor, HANARO, with the objective of 1 to 3 
days measurement time for an approximately 1 mm3 specimen volume, as well as much faster 
measurements over a wider reciprocal space, even for large unit cell systems with unit cell 
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volumes of up to 30,000 Å3, by reducing the total measurement time to within the practically 
available beam time.  
Figure 4.1 shows the throughput comparison between a four-circle diffractometer (FCD) 
with a point detector and a diffractometer with an area detector. The model calculation was 
done with the assumption that the crystal system was orthorhombic, and intensity 
measurement by the FCD took ~10 min per diffraction point using a 1.24 Å neutron beam 
and 2θmax=150°; as for the area detector case, a scan speed of 0.2 deg/min over a 180° range 
and covering range of 2θmax=150°, χmax=45° were used. We simply considered the 
measurement time for the number of reciprocal points and neglected here the counting 
statistics and weaker intensity due to the larger unit cell volume. It should be noted that the 
horizontal and vertical axes have a logarithmic scale.  
As the lattice constants become larger, there is a crossing point between the two 
measurement methods, and the measurement time by the area detector method is constant 
over a wide range of lattice constants. It is evident that the area detector method is superior 
for a larger unit cell or low symmetry systems. This also suggests that the area detector 
method is quite efficient to search a wide reciprocal space volume with no assumptions of the 
specimen under measurement. 
 
 
Fig. 4.1  Comparison of measuring methods between four-circle diffractometer and 
area-detector based diffractometer. 
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Just after installation of the diffractometer, the commissioning work was done 
incorporating corrections and calibration along with various applications such as chemical 
and magnetic structure measurements, large crystals crystallinity check, and composition or 
dopant content of diverse compounds. In this chapter, the diffractometer installation, 
measurement method and calibration procedures, raw data treatment, and visualization are 
described. 
 
 
4.2. Diffractometer construction 
The new diffractometer was installed as a dedicated diffractometer in the ST3 beam port 
of HANARO, and the beam port is shared by 3 different diffractometers. The first from the 
beam port end position is the high intensity powder diffractometer having a bent-perfect 
Si(511) slab as a monochromator. The second is the C-2DPSD based diffractometer 
described here, and the third one is BIX-type diffractometer with a bent-perfect Si(111) 
monochromator. There had been only one instrument in this port, a neutron reflectometer, for 
10 years since 2001. After this old instrument was relocated into the cold neutron guide hall 
in late 2010, the monochromator shield was modified and reinforced to accompany 3 separate 
instruments by dividing & sharing the cross-section of the beam port of 7x14 cm2 and 
different wavelengths in the spectrum. 
Figure 4.2 (a) shows the arrangement of the diffractometer installed on the right side 
behind the monochromator shield of the ST3 beam port, and the schematic in Fig. 4.2 (b) 
shows its internal configuration of the supermirror guide path in front of the monochromator 
(another one inside the shield after the monochromator to the sample position is not shown), 
two shutters of the red and blue boxes, and the spectrometer with the detector shield.  
The C-2DPSD described in 3.5 has an active area of 937 x 520 mm2 as single segmented 
wire frames with delay-line components on the cathode wires and strips as the total delay-
time in X (curved) of 240 ns, and in Y (vertical) of 170 ns. Its position decoding is made by 
an in-house developed fast time-to-digital converter (TDC) with a minimum timing 
resolution of 128 ps, which has 4 reading resolutions of 256, 512, 1024 and 2048 channels. 
And most of time, the 512 channel mode is selected and the 937 mm in X and 520mm in Y 
resulted in 400 x 252 channels in the X, Y directions, respectively. The angular coverage of 
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the detector with the radius of 530 mm is 110° in X and 54° in Y. The detector has a gas 
mixture of finally 4.33 atm 3He and 0.7 atm CF4 with 3.4 cm detection depth, and the 
detection efficiency was obtained as ~35% at 1.153 Å, 44% at 2.204 Å with position 
resolutions in terms of FWHM of a point spread function of 3.16 channel (6.4 mm) in X and 
2.66 channel (4.8 mm) in the Y directions. 
The diffractometer installed at the ST3 beam port has a similar mechanical structure to 
the four-circle diffractometer FCD having an Eulerian cradle, but has a large area curved 
detector unit instead of a point detector unit. It can use a Ge(311) mosaic crystal slab as a 
primary monochromator to produce 1.153 Å with ~15’ mosaicity at a take-off angle of 39.5°, 
and because the slab has [311] as the surface normal and [0-11] as the vertical direction, 
several other wavelengths of 0.7804 Å, 2.204 Å and 0.7358 Å are easily selected by rotating 
the slab, as explained in Sections 2.2.3 and 2.3 and summarized in Table 4.1. The 
wavelength of 1.153 Å will be most commonly used, and the shorter one of 0.7804 Å and 
0.7358 Å might be useful for a high momentum transfer search or high extinction specimens. 
The 2.204 Å is important for diffraction measurements on large unit cell materials.  
 
 
  
(a)                              (b) 
Fig. 4.2 The diffractometer installed in the ST3 beam port at HANARO: (a) photo 
showing the installed configuration of the diffractometer and (b) a 
schematic showing the super-mirror guide path in the front (the rear guide 
path after the monochromator, not shown), two shutters (red and blue 
boxes) and the spectrometer with the detector shield. 
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Table 4.1 Possible wavelength selection of the monochromator slab Ge(311) surface normal 
at the take-off angle (2θM) of 39.5°. 
Angle position (°) Reflection plane λ [Å] 
-9.46 Ge(511) 0.736 
0 Ge(311) 1.153 
+10.09 Ge(422) 0.780 
+29.57 Ge(111) 2.204 
 
 
The resolution function curve of the diffractometer in terms of FWHM of the peak 
profiles is less than 0.5° in a 2θ range of less than 110°. The flux from the monochromator 
Ge(311), 1.153 Å, at the sample position was estimated by the Au-foil neutron activation 
analysis method on Feb. 2013 to be ~1.88x106 neutrons/cm2/sec at 27MW of thermal power. 
The fluxes of 2.204 Å and 0.7804 Å were estimated to be ~60% and ~30%, respectively, by 
the flux at 1.153 Å. The thickness of the installed Ge mosaic monochromator is 4 mm at 
present, but will be replaced by a new Ge(311) mosaic monochromator with 6 mm thickness 
with improved mosaicity in the near future. 
All the spectrometer parts and area detector shield unit can move by air bearing pads on 
a wide area monolithic granite floor, and the detector unit is actually floating at all times 
during diffractometer operation, both to protect the detector against any mechanical vibration 
or shock, and to move it precisely and quickly. 
The control and data acquisition system is configured with a control PC with Linux, 
TDC based C-2DPSD nuclear counting modules, a motion control unit and sample 
environment temperature controllers. All of the devices are controlled by the instrument 
control program SPEC on the Linux operating system. The TDC module was developed 
under collaboration with the Korea Astronomy and Space Science Institute [45], and its 
dedicated device driver was also developed with the company CSS for the instrument control 
program, SPEC. 
The diffractometer has a customized room-temperature vacuum sample chamber and a 
10K closed-cycle refrigerator type low-temperature sample chamber to reduce background 
from the air scattering along the direct beam direction to a wide opening of the area detector. 
Both sample chambers have a magnetic bearing connection in the sample rotation axis to 
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have a fixed beam path inlet and outlet along the direct beam direction attached to the fixed 
chamber. This will be described in more detail in Section 4.8. 
The control and data acquisition system is configured with a control PC with Linux,  
time-to-digital (TDC) module based C-2DPSD nuclear counting modules, a motion control 
unit and sample environment temperature controllers. All of the devices are controlled by the 
instrument control program SPEC on the Linux operating system. The TDC module was 
developed under collaboration with the Korea Astronomy and Space Science Institute, and its 
dedicated device driver was also developed with the commercial instrument control software, 
SPEC. 
 
 
4.3. Measurement methods 
The measurement method using the area detector can be explained starting from the 
method of the conventional four-circle diffractometer, in which there are 4 angles of (2θ, ω, χ, 
φ) for a crystal orientation and diffraction condition. With a precisely known orientation 
matrix (UB matrix), each reflection, i.e., the reciprocal lattice point is positioned with respect 
to the diffraction point in the scattering plane by successive rotations of the sample by the 
three angles of (ω, χ, φ). Then, the remaining parameter, 2θ, satisfies the diffraction 
conditions of the scattering vector. Although the single crystal diffraction points are treated as 
points, in reality, the reflections have finite dimensions depending on the crystal size and 
quality, i.e., mosaicity, and on the finite dimensions, angular divergence and wavelength 
dispersion of the beam. 
In the X-ray diffractions, IP and CCD based measurements dominate under the usual 
environments of high intensity X-ray sources such as a rotating anode generator or 
synchrotron X-rays and strong diffraction signals. As for neutron diffraction, usually the flux 
to the sample is relatively low and the diffraction signal is weak. Hence, detection with high 
sensitivity and low noise is very crucial. A typical multi-wire gas detector with a research 
reactor neutron source falls into this flux range with a maximum local count rate of ~10 
kcps/mm2 and a global maximum count rate of ~500 kcps. But a large area detector, i.e., 
large solid angle detector fabrication with this technology is difficult, and thus a neutron IP is 
also adopted because of a very large solid angle measurement that is possible. Measurement 
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methods for these area detector based diffractometers are similar, that is, several specimen 
orientations and successive measurements by specimen rotations are thereafter used to cover 
the reciprocal space as much as possible with the available measurement time. 
Figure 4.3 shows a schematic of the C-2DPSD based diffractometer geometry and all the 
parameters used in this paper. The diffraction angle in the basal plane is 2θΒ, and two angles 
of ω, φ for the sample rotation, i.e., the Ewald sphere rotation, are the same as well, but the 
angle of elevation, χd, is different from the four-circle diffractometer because the sample is 
only rotated by φ (equivalent to ω-rotation with χ=0) during the measurement, and the wide 
area detector could measure other reciprocal lattice points off the equatorial scattering plane 
in the Ewald sphere. 
As shown in Fig. 4.3, when we try to measure the diffraction signal, we get (X, Y), the 
position of any diffraction spot found and the intensity under the distance from the sample 
position, L. This parameter set combined with the sample rotation, φ, is converted into the 
reciprocal space point, (x*, y*, z*). Here, the sample is rotated by the φ-axis, and the ω-axis 
is always fixed with χ=0, thus both axes are coaxial, and a sample goniometer is used for an 
inclination of the specimen. As the sample is rotated continuously at a given angular 
increment by Δφ, an image data with 512x512 pixels is obtained and then transferred to the 
computer by ~0.3 sec. As the sample rotates successively by 360°, the reciprocal lattice 
points limited by the Ewald sphere could be measured. It should be noted that the ϕ-rotation 
is normally a continuous scan, not a step scan.  
A more detailed practical consideration for the transformation to the reciprocal space 
point from the real space coordinates can be found in the International Tables for 
Crystallography, Volume C [58]. Here, we now consider the transformation to a reciprocal 
space point, i.e., reciprocal space vector, from the real space parameters measured above. If 
we define the measured scattering vector, Q, then its components in the reciprocal space 
coordinate is (Qx, Qy, Qz), respectively, in which Qx, Qy are the coordinates projected down 
into the scattering plane, as shown in Fig. 4.4 (a) and (b). In Fig. 4.4 (b), the schematic shows 
the condition as ω is assumed to be equal to 0. 
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(a) 
 
(b) 
Fig. 4.3 Two schematics showing the geometry of the diffractometer and its 
parameters for measurement. (a) The diffractometer configuration similar 
to 2-axis diffractometer. (b) Schematic showing the side view of the 
configuration from the sample to the detector, and the machine parameters 
(X,Y) of the Bragg spots with their equivalent angular parameters of (2θ, χ) 
in an image data frame (the detection area) of the area detector. 
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From the geometry given in Fig. 4.4 (b), the coordinates of Q could be given as 
 
)sin,2cos,2(sin),,( 2222 χθθ kQkkQkQQQ zozozyx −−−=  
 
where ki and kf are the incident and diffracted wave vectors of neutron as k = |ki| = |kf|, and 
2θB is the angle between the incident wave vector and the projected diffracted wave vector in 
the equatorial plane, i.e., the projected angle of the scattering angle, 2θ. 
As the sample is rotated like Fig. 4.4 (c),, the diffraction spots might appear when the 
Bragg diffraction conditions are met, and then its reciprocal space point could be given by the 
reverse rotation of the coordinates as 
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where Qx0, Qy0, Qz0 represent their original coordinates in the reciprocal space vectors. 
The Bragg spots found in the data image frames are converted into the equivalent 
reciprocal space points, i.e., vectors, and a UB matrix could then be found by the vector 
minimum or other method. This point will be explained in more detail in Section 4.4. We 
note that the UB matrix is determined after measurement of the whole data collection is 
finished, making the initial orientation of the specimen unimportant. This means that a pre-
determination of the UB matrix is not necessary or compulsory for a data collection, and that 
all of the reciprocal space points covered by the scan could be searched without missing any 
of them.  
With regard to the intensity measurement, the integrated intensity could be obtained by 
summing up the intensities over the peak area pixels of the Bragg spot in the image frame, as 
shown in Fig. 4.5. The sample rotates around the φ-axis usually by 360° and ω-axis is fixed, 
and so when the unit step width of rotation is 0.2°, then 1 frame of the image data contains all 
the reciprocal points in that step width, Δφ = 0.2°. The detector covering range in the 
diffraction angle, 2θ, is 110° and so we need two-step measurements when we need a full 
diffraction range of up to 160°. 
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(a)  
   
   (b)                                    (c) 
Fig. 4.4 Diffraction diagram in a reciprocal space for an area detector for general 
spots off the equatorial plane. (a) Q represents the scattering vector to the 
Bragg spot with an angle of elevation, χd. (b) Qxy, the projected vector of 
the scattering vector Q, and the vertical z* axis component, Qz. (c) The 
configuration when the sample is rotated by the angular increment, ω. 
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As stated earlier, the Bragg reflections have finite dispersions, and thus a single 
reciprocal lattice point usually appears over several image data frames, in which case each 
spot in an image frame is actually a partial portion of the reciprocal lattice point. Of course, 
this is also dependent on the angular increment unit, Δφ, for one frame. Therefore, the 
complete integrated intensity of each reciprocal lattice point should be summed up over these 
image data frames. 
 
 
Fig. 4.5 Schematic showing the measurement method based on the sample rotation. 
The sample rotates around the φ-axis usually by 360° and the ω-axis is 
fixed, and thus when the unit step width of the rotation is 0.2°, then 1 
frame of the image data contains all the reciprocal points in that step width, 
Δφ = 0.2°. The detector covering range in the diffraction angle of 2θ is 110° 
and thus we need two-step measurement when we need a full diffraction 
range of up to 160°. 
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4.4. Raw data treatment and visualization 
There are several types of single crystal diffractions experiments, and hence different 
requirements for the experiments. One of them is the collection of many Bragg reflections 
under the given environmental conditions such as temperature, electric or magnetic fields, 
and pressure for a structural solution or refinement study. This is our main target for this 
development. The other is the mapping or searching of a wide reciprocal space of diffuse 
scattering or to detect superlattice or satellite reflections. The other widely used techniques 
for SCD are measuring any specified reciprocal space points, i.e., individual reflections in 
any direction, usually called a q-scan, a generalized reciprocal space scan, and to trace 
reciprocal lattice points related under the environmental parameters through various phase 
transitions or structural changes.  
To utilize the advantages of diffraction with a large area detector, we need to have 
proper tools of raw data acquisition and processing to produce the required data with a 
convenient format for various analysis codes together with intuitively easy, fast, and 
functionally powerful visualization tools. One of the very different features of data produced 
from an area detector diffractometer is its huge size of the raw data obtained compared to the 
point detector diffractometer, and hence, the raw data processing software and the 
visualization tool should be able to handle these large data packets of ~GB size. For the last 
several years, we have developed and tested modules needed to process each step from data 
acquisition through raw data pre-processing to data manipulation for a reflection intensity list 
for a structure analysis, which is now packaged into the Reciprocal Analyzer with a unified 
GUI and visualization tools [51, 57, 59-61]. 
Figure 4.6 shows the overall structure and work flow in the Reciprocal Analyzer, in 
which the central boxes with bold characters represent each code module, i.e., programs, and 
the boxes on the left and right sides are their input and output data files with parameter files. 
All the modules except the PSPC and 3D-Int are written in FORTRAN, and each module is 
linked by input-output disk files with generic names such as param.dat, ang-Q.dat, ub.dat, 
and HKL.dat. The package is sufficiently flexible to accommodate various data from the 
laboratory four-circle X-ray diffractometer, neutron four-circle diffractometer, 2-axis X-ray 
diffractometer with image plate, and 3 axis (2+1) X-ray diffractometer, except the PSPC only 
for the C-2DPSD diffractometer. 
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Fig. 4.6  Schematic showing a flow of raw data processing starting from the Bragg 
spot search through the UB matrix calculation to the reflection-intensity 
data file for analysis by using the code package, ‘the Reciprocal Analyzer’. 
 
An image data frame is acquired and saved by an angular increment of a step-angle, Δφ, 
for each frame. For example, when Δφ is equal to 0.2°, then 1800 image frames are acquired 
over the complete rotation of 360°, and then because of 4 bytes per pixel in the 512 channels 
each in the X and Y-directions, one image frame is 1 MB and therefore there is 1.8 GB per 
set of data. When the step-angle is 0.1°, then a 3.6 GB data file is produced for a 360° 
measurement. The data structure of the pixel has extra information, such as the time stamp, 
and we could reduce the size of the data file by transforming 2 bytes only from the 4-byte 
format for just the intensity information, and in this case the maximum recorded intensity per 
pixel could be cut by a 16 bit number, 65535. The active working space of the image data 
frame does not occupy the square-shaped full channel area because the detector shape is 
elongated horizontally, from the angular dimensions of ~110° x 54° of the detector. Again the 
net data size could be reduced physically by extracting out just the active area, and finally the 
reduced data file size would be ~0.3 MB per frame, i.e. ~0.54 GB per data set of 1800 frames 
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with Δφ=0.2°. This would make the peak search process much faster even for a data set of 
3600 frames for Δφ=0.1°. 
The PSPC, discussed below in more detail, processes a data set of image frames as a 
whole together with the given parameter file, 2DPSD.config, to produce a list of peaks using 
the peak search routine with the user inputs for the threshold level of a peak and a masking 
box size for a proper peak area using a trial method. In the first stage, a rather higher 
threshold level, i.e., stronger peaks, is selected. The peak list contains information in a 
specific format (peak #, file #, X, Y, intensity), and this information expressed by machine 
parameters in real space is converted into reciprocal space coordinates, Q, by the module, 
xyf2aq, with the parameter file, param.dat, which contains the diffractometer parameters, 
experiment configuration, and conversion factors for those machine parameters with control 
codes for program execution.  
The ang-Q.dat file contains information on the observed reciprocal lattice points even 
including spurious peaks as well from various sources such as powder patterns from sample 
environments. The UB matrix and index to each point can be obtained by applying one of the 
codes among vm, 2brg, 3brg, and UB_MonteCarlo. The vm produces UB matrix from the 
given Q values of selected reflections by the vector minimum method. The 2brg produces a 
UB matrix from 2 selected reflections with lattice parameters and the 3brg produces a UB 
matrix from 3 selected reflections. The UB_MonteCarlo gives a UB matrix under the given 
lattice parameters. The first result might be transformed into proper Bravais lattice by using 
the codes of b_lat and ub_trans with lsq, which are the Bravais lattice finder, the UB-matrix 
lattice transformer, and the least square refinement module, respectively.  
We now obtain a new ang-Q.dat with the refined UB matrix and a new index to well 
defined reciprocal lattice points under the adopted Bravais lattice. If it is acceptable, complete 
reciprocal lattice points with their real space points, (file #, X, Y), are produced by hkl2xyf 
from the UB matrix, and then 3D-Int tries to produce the integrated intensity for each of the 
reciprocal lattice points over the data set of the image data frames. The final result is then 
produced for all the reciprocal lattice points with detailed information on their index and 
integrated intensity corrected by the Lorentz factor [62]. They are also categorized with their 
peak quality such as good peak, no peak, no good peak, peak out of expected region, and 
peak out of experimental area, in which ‘no good’ means that there is a peak intensity but it 
does not satisfy the criteria in which the spot is not apart from the expected point by more 
than 0.1 reciprocal space distance, and ‘partial peak’ means that there is a peak but it resides 
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around the boundary of the image frame and thus the integrated intensity could not be 
completed. From this information, the reflection-intensity list is extracted with a proper 
format such as (h k l F2 σ(F2)) for analysis.  
The program DABEX is usually applied for absorption correction and path length 
calculation to the reflections-intensity list, and the program RADIEL [63] is used for a 
structure analysis, which is modified in-house for improved extinction corrections for neutron 
diffraction. SHELX [64], Fullprof [65] and GSAS [66] can be used for chemical or magnetic 
structure analysis.  
PSPC is a program for the 2-dimensional peak search function to find peaks in the 
image data frames under the given condition, though it has many other functions for data 
treatment and crystallographic calculation described above. (See Fig. 4.7 (a) for its typical 
working screen). Once the threshold level to judge a clear, meaningful peak and the size of 
square box for the peak area in the image frame are given by the user, then the peak search 
routine tries to find each peak by successively relocating the center of the search box to the 
center pixel calculated from the center of gravity. The integrated intensity is then calculated 
by successive masking for the background signal and noise to extract the net intensity. This 
process continues until the whole area is searched and until the last image frame. The present 
integration scheme assumes that each reflection can be isolated within the box. When the first 
peak search process is finished, the user can scan all the peaks automatically found by eye on 
the screen, as shown in Fig. 4.7 (a), and add or remove possible peaks manually. The second 
process then combines those distributed peaks over several consecutive image frames.  
There are two visual display sub-windows in the PSPC, as shown in Fig. 4.7 (a), and 
one separate window, as shown in Fig. 4.7 (b), called the reciprocal space viewer, in the 
Reciprocal Analyzer. The left sub-window in the PSPC represents each image frame display 
as a whole with the status of peaks found, and the right one shows a single peak covered by 
the search box with histograms in the horizontal and vertical directions, respectively. 
Visualization requires clarity and speed without undue loss of information, and easy ability to 
guide the experimenter’s judgment providing necessary information in the bottom part. The 
reciprocal space viewer displays the 3 coordinate axes of the reciprocal space under 
consideration, and the lattice points found by the PSPC in 3 dimensions, and is flexible to see 
various situations of the measured reciprocal lattice points distribution by manipulating flags 
to the reflections list to change the colors on the screen and the rotation of axes in any 
direction. 
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(a) 
 
(b) 
Fig. 4.7 Screen captured images showing (a) the PSPC working window for the 
automatic peaks search and (b) a schematic display of the spots in a 
reciprocal space under the Reciprocal Analyzer. 
 
The PSPC program, the visual display modules, and packaging code integrating all the 
modules in the Reciprocal Analyzer, is written in the C programming language with the 
OpenGL library and GUI toolkit. It can therefore be easily ported to different OS platforms, 
and actually, 3 versions of the code are available, on Windows, Mac, and Linux, to satisfy the 
demands of the diverse user base in a neutron scattering laboratory. 
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4.5. Calibration of the diffractometer using a NaCl single crystal 
The calibration of the diffractometer has been carried out using a NaCl single crystal and 
by refining the various conversion factors, distances, zero offsets, wavelength, and standard 
detector angles. The NaCl specimen is a die-shaped crystal of ~2 mm on each side, which is a 
de facto laboratory standard specimen for FCD, and its orientation is also precisely adjusted 
to be parallel to the equatorial plane. 
First, normal NaCl single crystal data collection should be done, and in this case the data 
collection was made by rotating the specimen with a speed of 1.2 °/min for 360° by 0.2° per 
frame. After raw data processing, all the diffraction spots could be categorized to the index l, 
in which index l=0 means that all the diffraction spots appeared along the equatorial plane. 
All the Bragg spots are plotted along with their X and Y coordinates as shown in Fig. 4.8, 
which shows clearly the categorization of the Bragg reflections by l index of -1, 0, 1 and 2 
from the bottom lines of the Bragg spots. 
 
 
Fig. 4.8  The plot of Bragg reflections of NaCl standard single crystal along the X 
and Y coordinates. 
 
From this measurement, we pick up one of the (hk0) reflections with a given φ-angle for 
the detector unit step scan measurement needed for the conversion factor (Δ2θB/ΔX) for angle 
2θΒ from the X-channel coordinate. This was obtained by fixing the specimen and measuring 
a diffraction spot, one of those appearing in (hk0) reflections in the equatorial scattering plane, 
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to the mechanical step movement of the detector unit itself, i.e., 2θ, as shown in Fig. 4.9 (left), 
in which the NaCl (220) reflection spot was measured by moving the detector unit with a 
same step angle of 5°. As shown in the right panel of Fig. 4.9, the Δ2θB/ΔX was determined 
as 0.2630(5), which means 1 channel in the X direction is equal to 0.2630°. 
 
   
Fig. 4.9  Bragg spot image data measured by fixing the NaCl specimen and rotating 
the detector arm needed for the X channel conversion factor to 2θ and its 
result plot for Δ2θB/ΔX. 
 
Next, the wavelength λ of the neutron beam and the origin of the X-channel Xo for the given 
2θ counter angle should be calibrated. This can be done by plotting all the reflections 
appearing in the horizontal equatorial scattering plane, (hk0) reflections, against the X-
channel, and least squared fitted under the given lattice parameter of the NaCl single crystal 
specimen (a=5.6578 Å) and the conversion factor (Δ2θB/ΔX) using the Bragg equation shown 
in Fig. 4.10. Wavelength λ and the detector arm nominal position Xo were obtained in this 
step, as shown in the plot. Here, 2θcounter is preset at 40°. 
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From these (hk0) Bragg spots, here only even number reflections from the face-centered 
cubic property of NaCl, their real space coordinates (X,Y) in the channels were averaged 
between (+h, +k, 0) and (-h, -k, 0), and then the Y_average versus X_average was plotted as 
shown in Fig. 4.11. In this step, the degree of slope of the detector body against the neutron 
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beam direction could be obtained. Here, the slope value obtained in this case was ΔY/ΔX=-
0.0045(2). We can also obtain the equator position, Yo and Xo. 
 
 
Fig. 4.10 Wavelength calibration result using (hk0) reflections of NaCl specimen. 
 
 
 
Fig. 4.11 Schematic plot of Bragg spots in (X, Y) channel space of the NaCl single 
crystal and a plot of (hk0) average spots between (+h, +k, 0) and (-h, -k, 0) 
to find the detector tilting against the neutron beam direction. 
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All the diffraction spots found by the peak search program PSPC from a complete scan 
over a 360° rotation of NaCl crystal were grouped in l-layers of reflections. At a wavelength 
of 1.1598(9)Å, the layers were l=-1, 0, +1, +2. Using the Yo value, 96.13(3), and the slope, -
0.0045(2), we can obtain the distance in the Y-channels ΔY between the l layer with respect 
to the l=0 layer over all the reflections. Then, using the values ΔY for all these reflections, 
the equator line information Yo, the conversion factor for the angle of elevation, χd, i.e., the 
Y-channel conversion factor expressed in β=Δχd/ΔY/L, could be obtained as shown in Fig. 
4.12. 
When another wavelength is selected among Ge(311), Ge(111), and Ge(422) or any 
working condition of the diffractometer parts is changed for maintenance or any modification, 
the calibration procedure described above should be repeated again. Typical results of the 
calibration procedure are summarized in Table 4.2. By carrying out this calibration process 
precisely, any misalignment in the monochromator, spectrometer table, or detector unit could 
also be detected, and this process should therefore be done regularly, possibly at the 
beginning of each reactor operation cycle. 
 
 
 
Fig. 4.12 Y-channel conversion factor from ΔY versus reflection index l, where ΔY 
is the distance in Y-channels between the l layer diffraction spots with 
respect to the l=0 layer. 
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Table 4.2 Summary of the typical machine parameters. 
Wavelength, Ge(311) 1.1598(9) Å 
Conversion factor in Δ2θB/ΔX 0.2630(5) deg/ch 
Conversion factor in Δχd/L/ΔY 0.003964(4) /ch 
X-Y slope -0.0045(2) 
Origin point (X0,Y0) in channels (179.31(22), 96.13(3)) 
Active range in (X,Y) in channels (60,100) - (460,360) 
2θΒ range at the detector arm position 40° 7.8 – 112.2 deg 
χd range at the detector arm position 40° -18.4 - +34.5 deg 
 
 
 
4.6. 2nd order contamination check in the monochromatic beam 
Although germanium crystal slab was adopted for the monochromator material for this 
diffractometer and so the 2nd order contamination (λ/2) from the (hll) odd indexed reflection 
from the monochromator is forbidden in principle, there might be a possibility of small 
contamination from the mosaicity. Three reflections of NaCl (220), (420) and (620) were 
selected under the monochromator reflection of Ge (311) for the monochromatic wavelength 
λ equal to 1.154 Å and their (hkl)/2 and (hkl)/3 were also measured such as λ (420), λ/2 (210) 
and λ/3 (4/3,2/3,0). Note that Ge(933) is allowed reflection and thus λ/3 is possible in general. 
Meanwhile, Ge(622) is not allowed reflection, which produces λ/2 contamination. 
The NaCl (420) Bragg peak was measured by ω-scan in a step scan mode of 30 sec, and 
then (420)/2 was also measured in a 2000 sec step scan mode. Their intensity plot is shown in 
Fig. 4.13(left) and the λ/2 portion was estimated less than 10-4 based on the comparison of 
(420) and (420)/2 integrated intensities. The NaCl (620) Bragg peak was also measured by ω-
scan in a step scan mode of 30 sec, and then (620)/3 was measured in a 2000 sec step scan 
mode. Their intensity plot is shown in Fig. 4.13(right) and the λ/3 portion was estimated 
about 2x10-3 based on the comparison of (620) and (620)/3 integrated intensities. The ratio 
given by the comparison between (420) and (420)/3 is almost consistent with this value. 
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Fig. 4.13 Schematic showing the second and third order contamination of wavelength 
1.154 Å using NaCl (420) and (620) measured by 30 sec per point and (420)/2 
for λ/2 and (620)/3 for λ/3 portion measured by 2000 sec per point. They are 
plotted as cps(count/sec) unit. 
 
 
 
 
4.7. Homogeneity correction and background subtraction 
The detector should be homogenous over its whole area in all of its characteristics in 
principle, and one of the keys of such properties is the detection efficiency pixel by pixel. It 
could not be uniform for diverse reasons, and when there are any defects area in the area, 
those defects show a greatly reduced counting efficiency depending on their extent. This 
efficiency correction is shown in Fig. 4.14, which was done by the incoherent scattering data 
taken from the Plexiglass ball specimen. The upper row images are the uniformity 
measurement from the incoherent source, and the lower images are corrected images from the 
upper row images. The left images were measured in November 2011, and the right ones in 
June 2012. 
 
 

	

	







   
   
(420) λ
1500cps
(420)/2 λ/2
<0.1cps
I(
cp
s:
λ) I(cps:
λ /2)

φ: 0.1 degree step
32 x 32 CH
integrate
		







	







    
  
(620) λ
500cps
(620)/3 λ/3
2.5cps
I(
cp
s:
λ) I(cps:
λ /3)

φ: 0.1 degree step
32 x 32 CH
integrate
peak: 2.5/500=5x10-3
Integ: 4/1672=2x10-3
 130 
 
 
 
Fig. 4.14 Uniformity measurement (upper row) and corrected images from the upper 
row images. Left images were measured in Nov. 2011 and the right ones in 
Jun. 2012. 
 
When a sample environment is used like a low temperature cryostat, the aluminum 
sample can, thermal shield, and vacuum shroud usually give prominent powder diffraction-
like patterns over the detection area of C-2DPSD on top of the specimen single crystal 
diffraction, and the cryostat is usually rotated together with the sample rotation. These 
powder diffraction-like patterns even change gradually depending on the specific materials 
used. 
The subtraction of unwanted background is done by applying a subtraction of a 
reference background pattern frame from all the raw data frames. The reference background 
pattern is made by averaging up to 100 frames, which have no peaks and are picked up 
manually by looking over the whole frames one by one. This background subtraction 
procedure will be refined more in the future as more experience for various sample 
environments cases is accumulated. 
A typical background subtracted pattern is shown in Fig. 4.15 (right), in which the left 
image shows the raw data containing Al powder-like ring patterns and the right image shows 
a background subtracted pattern with greatly reduced those ring-patterns, which means 
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smoother varying background around the peaks for a peak search and integrated intensity 
procedure. 
 
 
Fig. 4.15 Typical example of a background subtraction. The left image is raw data 
and the right image is for corrected data. 
 
 
4.8. Sample environments 
The diffractometer has a customized room-temperature vacuum sample chamber to 
reduce the background from air scattering along the direct beam direction to the wide opening 
of the area detector, and a low-temperature closed-cycle refrigerator sample environment. 
When we did an experiment at the T2-2 FONDER site using the pC-2DPSD, we used a 
specially developed built-in low-temperature cryostat sample table shown in Fig. 3.32. By 
adopting the basic idea from the sample stage, both sample chambers have a magnetic 
bearing connection in the sample rotation axis to have a fixed beam path inlet and outlet 
along the direct beam direction attached to the fixed chamber.  
The room-temperature vacuum sample chamber is 220 mm in diameter with a cylinder 
shape with a magnetic seal coupling in the bottom plate to the sample axis to have fixed beam 
path inlet and outlet tubes attached to the chamber along the direct beam direction, as shown 
in Fig. 4.16, in which the shielding materials along the tubes and inlet and outlet windows are 
removed for a clear view. With the shield along the tube paths, the background counts rate 
was reduced by ~1/2 compared to the count without its use. 
A cylinder type Al vacuum shroud for a 10K low temperature cryostat was made with a 
190 mm diameter and 2 mm thickness to the detector direction, and the shroud has inlet and 
outlet shielded tubes of 25 mm in diameter with a thin aluminum window. A magnetic seal 
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coupling with a 70 mm diameter bore was applied to rotate the sample axis to keep the 
vacuum shroud fixed but the specimen together with the cryostat movable, and 1 mm thick Al 
thermal insulation and a 50 um thick Al sample can of 53 mm diameter were also made. A 
schematic and photo are shown in Fig. 4.17. The thermal shield of 1 mm thickness still 
produced an unsatisfactory amount of remaining Al background patterns, and therefore this 
should be improved more in the near future. 
 
   
Fig. 4.16 A schematic and photo showing the RT vacuum sample chamber. 
 
 
Fig. 4.17 A schematic and photo showing the CCR-type LT vacuum sample chamber. 
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4.9. Conclusion 
A new neutron single crystal diffractometer was developed based on the C-2DPSD 
equipped with a Ge(311) mosaic monochromator. The measurement methodology as well as 
the integrated software package, a Reciprocal Analyzer, was developed under collaboration 
with Tohoku University. The raw data preprocessing code package Reciprocal Analyzer 
could process a raw data set with a size of ~GB for finding the UB matrix, indexing 
reflections, and listing the reflection-intensity. During this process, it should be noted that 
flexible visualization tools for a reciprocal space distribution of the diffraction spots were 
provided, closely linked together using software modules in the code package. Along with 
this raw data preprocessing software development, a precise calibration method and 
procedure for diffractometer machine parameters were also devised and refined using a NaCl 
single crystal. The task for corrections and calibration using a NaCl single crystal would be 
the actual starting point of various applications for this diffractometer.  
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5. Applications of the new diffractometer 
5.1. Introduction 
A new single crystal neutron diffractometer based on the C-2DPSD was developed 
together with its measurement methodology and raw data processing software package. In 
this chapter, various applications such as chemical and magnetic structure measurements, a 
crystallinity check on large crystals, and the composition or dopant contents of diverse 
compounds are described. Some of the early results were presented in conferences [60, 61, 
67-71].  
 
5.2. Large single crystal check 
One of the most direct and quick applications is the crystal quality and orientation check, 
which is especially useful for a large volume of crystals to be used for inelastic scattering by 
using the high penetration power of neutrons. Figure 5.1 shows a typical example measured 
on YMn2O5 of ~1x1x1 cm3, and the crystal shape is shown in the inset photograph. By just a 
~50 min measurement, the UB matrix can be obtained with high precision in addition to a 
survey of the quality check. This kind of measurement can be done usually within 1 hour for 
widely varying conditions in volume, crystal systems, and shape to obtain information on the 
crystallinity, twins, daughter crystallites, and so on. 
 
 
Fig. 5.1 Diffraction spots plot of YMn2O5 of ~1x1x1 cm3 measured for 50 min over 
90° rotation of the sample. 
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5.3. NaCl structure analysis 
The first structure analysis was conducted on NaCl standard samples. The laboratory 
standard NaCl single crystal of 2 x 2 x 2 mm3 was measured simply by the sample rotation, 
over two nominal 2θ positions of the area detector arm, 40° and 80°, to cover the full 
diffraction angle coverage up to 160°. As described in Section 4.4, the reflection-intensity list 
(h k l F2 σF2) was extracted. Then, the program DABEX was applied to the intensity F2 and 
e.s.d σ(F2) for the absorption correction and path length calculation. This corrected 
reflection-intensity list was input into the program RADIEL for the structural parameter 
refinement with extinction correction. 
Figure 5.2 (a) shows a plot of all of the 391 reflections found, the 247 good peaks, and 
the 144 ‘no good’ and partial peaks taken at a detector nominal position of 40°. The crystal 
rotation speed for the measurement was 0.6 °/min, the interval φ step to accumulate the 
intensities per frame was 0.2°, and 1800 frames were taken. Because the wavelength was as 
short as 0.8912 Å, this measurement could obtain the reflections of the l = -2 ~ 3 layers, but 
the spots appearing at l=-2 gave a lot of partial peaks owing to the location around the image 
 
 
 
(a)                                      (b) 
Fig. 5.2 Result of the refinement for NaCl from SCD at different wavelengths: (a) 
Fo2 vs Fc2 plot from the measurement at a wavelength of 0.891(1) Å, and (b) 
the resulting plot at 1.153(1) Å. 
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boundary, which were removed for analysis, as shown in Fig. 4.8. Its reliability factors are 
given as R(F) = 0.070 and R(F2) = 0.098, respectively, with isotropic atomic displacement 
parameters of B(Na) = 1.52 and B(Cl) = 1.58. The unit cell parameters for the 2θ=40° 
measurements were 5.658(3), 5.657(2), 5.655(6), 89.97(7), 89.99(7), and 89.98(4). 
When measured at a neutron wavelength of 1.153 Å, as shown in Fig. 5.2 (b) taken at 
two detector arm positions of 40° and 80° and analyzing the data together, a reliability factor 
R(F) = 0.062, R(F2) = 0.075, and isotropic atomic displacement parameters of B(Na) = 1.575 
and B(Cl) = 1.570 with 398 good reflections were obtained. The measuring conditions were 
0.2° intervals per frame and a 1.2 °/min sample rotation speed, which was a 5 hr net 
measuring time for 1800 frames per measurement. As we analyzed the data taken at two 
positions separately, their R(F) & R(F2) factors were 0.046 and 0.060 for 40° data, and 0.070 
and 0.093 for 80° data, respectively 
After the C-2DPSD was refurbished and fully charged by the gas mixture of 5.03 atm, 
the same specimen of NaCl single crystal was measured again by the same protocol at two 
detector arm positions of 40° and 80°. The analysis, as shown in Fig. 5.3, showed unit cell 
parameters of 5.656(2), 5.656(2), 5.635(3), 90.02(4), 90.01(5), 90.00(3) and B(Na) = 0.733, 
B(Cl) = 0.795 and R(F) & R(F2) factors were 0.018 and 0.037. Thus, the reliability and 
reproducibility proved to be satisfactory. 
 
 
 
(a)                                (b) 
Fig. 5.3 NaCl analysis result of (a) combined data sum of 400 reflections from the 
two measurements and (b) independent data of 29 Bragg reflections. 
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5.4. Structural analysis of a terbium iron garnet, Tb3Fe5O12 
The terbium iron garnet (TbIG), Tb3Fe5O12, is known to have a normal cubic crystal 
structure at room temperature, with space group Ia-3d, where the Wyckoff positions are Tb 
24c; Fe 16a; Fe 24d; and O 96h, respectively, with a lattice constant of 12.4364 Å as 
schematically shown in Fig. 5.5. A preliminary structural study was carried out on a TbIG 
single crystal with and without a magnetic field of 2 kG along the cube diagonal direction 
[111]. 
 
 
 
Fig. 5.4  Structure of the terbium iron garnet, Tb3Fe5O12. The blue balls are for Fe, 
green for Tb, and red for O. 
 
 
Figure 5.5 (a) shows the Fo2 vs. Fc2 plot from the measurement on a sample size of 
2x2x4 mm3 without a magnetic field at room temperature by just 5 hours over a 120° sample 
rotation with a 0.4 °/min rotation speed and 0.2° interval per frame, which produced 411 
well-defined peaks among the 962 total reflections found. Its space group, lattice parameters, 
and R-factors were determined to be Ia-3d, (a, b, c, α, β, γ) = (12.47(1), 12.45(1), 12.51(1), 
89.90(8), 90.24(7), 89.53(8)) and RF= 0.083 and RF2 = 0.105, respectively. The atomic sites 
in the crystal are determined by Tb (1/8, 0, 1/4), Fe1 = (3/8, 0, 1/4), Fe2 = (0, 0, 0) and O (-
0.03042, 0.05485, 0.1494). 
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Fig. 5.5 Structure analysis results of the terbium iron garnet: (a) at room temperature 
without a magnetic field, and (b) at room temperature with a magnetic 
field, 2 kG. The plot in (b) is at the logarithmic scale. 
 
It should be noted that this measurement produced 962 reflections in 5 hours, and the 
four-circle diffractometer with a point detector produced 50 reflections in a 5 hour 
measurement on the same specimen. 
Figure 5.5 (b) shows the measurement results taken over a 360° full sample rotation with 
a magnetic field of 2 kG at RT based on an interval per frame of Δφ=0.2° and scan 
speed=0.6 °/min (20 sec/frame), which yielded 503 good peaks and 42 partial peaks over a 
possible 8121 peaks, and R(F2) = 0.1354, and the lattice parameters are (a, b, c, α, β, γ) = 
(12.487(6), 12.480(6), 12.474(6) 89.97(4), 90.04(4), 89.97(4)). The obtained structural 
parameters are given by Tb (1/8, 0, 1/4), Fe1 = (3/8, 0, 1/4), Fe2 = (0, 0, 0) and O (-0.028, 
0.055, 0.151) and its structural figure is shown in Fig. 5.4. The inset photo in Fig. 5.5 (b) 
shows the permanent magnetic field device used and attached to the low temperature sample 
environment. 
A custom designed vacuum shroud was specially designed and fabricated to reduce stray 
signals from the device materials and air scattering background along the beam path. Low-
temperature measurements with a magnetic field along the [111] direction will be measured 
in the near future. 
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5.5. Composition analysis of mixed crystal of (TmxYb1-x)Mn2O5 
One convenient and powerful application is the rapid determination of the replacement 
element or dopant composition in various compounds or solid solutions by just as-grown 
state or a large volume crystallites. Figure 5.6 (b) shows one example of such a trial wherein 
a series of (TmxYb1-x)Mn2O5 single crystals were subjected to half-day to one day 
measurements to analyze the partial content of substitution replacing an element just after 
growth where the nominal replacement contents are compared with the measured values. The 
composition of the example shown in Fig. 5.6 (a), xobs = 0.501(5), contrasts the nominal 
concentration of xnominal = 0.5. Oxygen position distortion, depending on the composition, was 
found consistent with high precision and accuracy. For the (TmxYb1-x)Mn2O5 case, X-rays 
cannot distinguish between the elements Tm and Yb, but neutrons can do this very easily 
owing to their scattering lengths difference. 
 
 
  
(a)                                   (b) 
Fig. 5.4 Analysis results of (TmxYb1-x)Mn2O5 single crystal. (a) Fo2 vs Fc2 plot and 
parameters by a structure analysis, and (b) a plot showing the element 
composition of different crystals of (TmxYb1-x)Mn2O5 and their structural 
configuration depending on the replacement element content. 
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5.6. Structure of 154Sm0.55Sr0.45MnO3 
The manganese oxides with perovskite or a layered-perovskite structure have been 
extensively studied, since the materials show a lot of intriguing phenomena such as colossal 
magneto-resistance (CMR) and insulator-metal transitions induced by various external 
stimuli. Investigation for various physical properties including neutron inelastic scattering on 
the 154Sm0.55Sr0.45MnO3 (SSMO) was done in [72]. Their focus was on the single crystals as 
the representative materials for a multi-critical phase competition such as ferromagnetic 
metal (x ≤ 0.48), a charge or orbital-ordered insulator (x=0.49 and 0.5), and layered anti-
ferromagnetic nonmetal (x ≥ 0.51).  
As for SSMO, the objective of the study was a diffuse scattering measurement and 
analysis around its Tc~135K for the insulator to ferromagnetic metal transition. The 
resistance of SSMO increases exponentially upon cooling from high temperatures, and then 
suddenly drops as much as three decades below Tc of 135 K, too. Its structure was 
determined by the Rietveld refinement on a powder X-ray diffraction pattern to be an 
orthorhombic Pbnm (a~b~c/√2~√2apc, where apc is the lattice parameter of the pseudo-cubic 
lattice) where apc is ~3.84 Å and a = 5.43, b = 5.44, and c = 7.75 Å. 
As for the neutron experiments, to avoid the large neutron absorption cross section of 
the natural Sm, 154Sm2O3 powders were prepared by oxidizing 154Sm enriched metal, and then 
calcinated to be 154Sm0.55Sr0.45MnO3. The single crystal of SSMO was grown by means of a 
floating zone method [73], and the sample used for measurement was a rod shape with ~2 
mm in diameter and 30 mm in length, as shown in Fig. 5.6 (left). The measurement condition 
was a φ-rotation of 0° to 360° by an increment angle of 0.2 deg/frame at the nominal detector 
arm position of 2θc=37° with a sample rotation speed of 1.2 deg/min, which means a 5 hour 
measurement. In the right panel of Fig. 5.7, typical measured diffraction pattern and peaks 
searched by PSPC are shown. 
By applying the peak search program PSPC for possible Bragg peaks and obtaining a 
UB matrix by applying only fundamental Braggs with cubic lattice Pm3m, we can have 
pseudo-cubic lattice parameters of 3.85(3), 3.85(3), 3.89(4) Å, 88.8(8), 88.9(8), and 89.3(7), 
and a unit cell volume of 57.7(9) Å3, as shown in Fig. 5.9, with a lot of half indexed points, as 
shown in Fig. 5.8, in which the yellow points are all integer Bragg spots, and the red pots 
represent principal axes spots of a, b, and c, and the remaining blue dots are the super-lattice 
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points with half-integer indexes. According to the peak list and screen display, too, there are a 
lot of super-lattice peaks of {0.5, 0.0, 0.0}, {0.5, 0.5, 0.0}, and {0.5, 0.5, 0.5} in addition to 
all integer indexed peaks. It should also be mentioned that it is clear that the [111]c point is 
almost along the Qz axis, i.e., the crystal growing axis is [111]c, as shown by the colored 
distribution of Bragg spots in Fig. 5.8. 
 
 
Fig. 5.5 Photo of 154Sm0.55Sr0.45MnO3 single crystal at the sample stage and its 
typical measured pattern processed by the program PSPC. 
 
 
 
Fig. 5.6 A screen capture of all Bragg spots of SSMO displayed by the Reciprocal 
Analyzer. 
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Fig. 5.7 Structure analysis using the fundamental Braggs cubic Pm3m. 
 
 
 
 
 
Fig. 5.8 Schematic diagram of reciprocal lattice points of SSMO at the c*=0 base 
plane and c*=1/2 middle plane. 
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According to the indexed peak list with respect to the pseudo-cubic system and based on 
the intensity trend of I(Γ) >> I(R) > I(X1,X2,M2,M3) > I(X3,M1), first, the R-points of (0.5, 0.5, 
0.5) condensed, and then X1-points of (0.5, 0.0, 0.0), and X2-points of (0.0, 0.5, 0.0), 
condensed, followed by M2 of (0.0, 0.5, 0.5) and M3 of (0.5, 0.0, 0.5), which could be viewed 
as X-points as the R-points became Γ-points. Then, combining the R, X and M points into the 
structural consideration, the cell (a, b, c)pc can be doubled to (2a, 2b, 2c) having lattice 
parameters of 7.696(9), 7.700(9), 7.774(13) Å, 89.0(1), 89.0(1), and 89.44(9) with a unit cell 
volume of 460(1) Å3. These relations are schematically represented in the reciprocal lattice 
space points by Fig. 5.10, in which those points of Γ, X1, X2, M1 in the basal plane and of R, 
M2, M3, X3 in the middle plane in the c* axis are presented. 
Then, the main axis should be chosen to be along the [110] direction because the main axes 
are slightly inclined by α = β in the doubled cubic cell, and thus an axis transformation to the 
plane diagonal direction with   (2 2a, 2 2b, 2c) with unit cell parameters of 10.832(6), 
10.939(18), 7.774(14) Å, 88.6(1) Å, 90.0(1), and 90.0(1) and a unit cell volume of 921 (2) Å3. 
These considerations are given schematically in Fig. 5.10, and the structural analysis using 
the main integer index Braggs and R-point Braggs only as a pseudo-tetragonal of P4/mcm ( 2a, 2b, 2c) is shown in Fig. 5.11. The red dots on the left side of Fig. 5.11 are for the 
main integer indexes and blue dots for R-points, and the right side is just the logarithmic plot 
of the left linear plot. 
Under the transformed unit cell (2 2a, 2 2b, 2c), the reflection conditions of the 
Bravais lattice shows h+k=2n and (h0l: h=2n), (0kl: k=2n), and the lattice was therefore 
determined as a C-lattice with symmetry 2/m 1 1 with lattice parameters of a=10.917(27)  
b=10.831(12) c=7.758(20) Å, α=90.04(16), β=91.18(20), and γ=89.98(20) and unit cell 
volume of V=917(3) Å3. A structure analysis of all Braggs with C2/m (2 2a, 2 2b, 2c) is 
also shown in Fig.5.12. In the left side of Fig. 5.12, the red dots are for the main integer index 
reflections, blue dots for the R points, and green dots for the X and M points. The right side is 
just the logarithmic plot of the left plot. The atomic positions, occupation factors, and 
isotropic thermal displacement factors are summarized in Table 5.1, and the position 
coordinates are compared with those of the cubic structures, too. This is a new structure 
contrary to the literature, Pbnm. 
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Fig. 5.9 Structure analysis results including R-points only to the main integer index 
Braggs. The right plot is an expanded view in the logarithmic scale of the 
smaller F value regions in the left plot. 
 
 
 
Fig. 5.10 Structure analysis including all Bragg spots from the SSMO. 
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Table 5.1 Results of a structural analysis of SSMO on C2/m. 
Atom occ x y z B x y z 
SmSr1 0.25 0 0 0 3.92244 0 0 0 
SmSr2 0.25 0 0.5 0 -0.07904 0 1/2 0 
SmSr3 0.5 0.25 0.25 0 1.21326 1/4 1/4 0 
SmSr4 0.25 0 0 0.5 0.61901 0 0 1/2 
SmSr5 0.25 0 0.5 0.5 2.04867 0 1/2 1/2 
SmSr6 0.5 0.25 0.25 0.5 3.09631 1/4 1/4 1/2 
Mn1 0.5 0.26353 0 0.23428 0.66975 1/4 0 1/4 
Mn2 0.5 0.25638 0 -0.24375 0.14227 1/4 0 -1/4 
Mn3 1 0.00474 0.24983 0.23778 0.51861 0 1/4 1/4 
Oz1 0.5 0.20589 0 -0.00413 1.06584 1/4 0 0 
Oz2 0.5 0.25324 0 0.47925 1.21754 1/4 0 1/2 
Oz3 0.5 0 0.26987 0 -0.27286 0 1/4 0 
Oz4 0.5 0 0.20698 0.5 2.51425 0 1/4 1/2 
Oxy1 1 0.11676 0.12554 0.26397 1.22888 1/8 1/8 1/4 
Oxy2 1 0.34707 0.15634 0.29733 2.15893 3/8 1/8 1/4 
Oxy3 1 0.13497 0.14771 -0.20371 3.34885 1/8 1/8 -1/4 
Oxy4 1 0.35889 0.1327 -0.26214 -0.55056 3/8 1/8 -1/4 
 
 
 
5.7. Hydrogen containing materials 
Neutrons have unique scattering cross sections for many elements, and one typical case 
would be hydrogen, where the cross section between hydrogen and deuterium is significantly 
different; with a large incoherent cross section and negative coherent cross section of 
hydrogen, and an appreciable positive coherent cross section value, similar to that for carbon, 
of deuterium. Single crystal neutron diffraction is less disturbed by the incoherent scattering 
cross section of hydrogen and utilizes the cross section of its coherent cross section 
appreciably. To demonstrate the advantage of neutron diffraction for a structural study of 
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materials containing hydrogen with fairly large unit cell volume, the compound taurine was 
grown and characterized by a laboratory X-ray FCD and a C-2DPSD diffractometer. 
X-ray diffraction measurement on a specimen of 0.6 mm diameter using an Mo target 
gave the result as a primitive monoclinic crystal system, space group P21/c, with lattice 
parameters, (a, b, c, α, β, γ) = (5.2813(2), 11.6416(4), 7.9203(3) Å, 90.001(3), 94.093(3), 
89.997(3)), and unit cell volume of 485.72(3) Å3. Its structural analysis results are shown in 
Fig. 5.13 (b) and Fig. 5.14 (b). Some of the hydrogen atoms were fixed based on the 
following neutron structure analysis. 
 
 
 
(a)                            (b) 
Fig. 5.11 Structure analysis results of an organic compound, taurine, by comparison 
of Fobs and Fcal (a) for neutron data and (b) X-ray data. 
 
 
The specimen for neutron diffraction was prepared by a sphere-shaped crystal with 2.61 
mm in diameter. Neutron diffraction with a wavelength of 1.153 Å was measured using 
conditions of 0.5°/min rotation, 0.2°/frame over 360° in φ (12 h net measurement time), and 
two nominal 2θ counter arm positions equal to 37° and 80° with two specimen orientations of 
the sample rod of 0° and 90°, respectively, with a tilting of the crystal of about 30° using the 
sample goniometer head. This produced a total of 4 sets of 1800 image data frames. The 
analysis results from 2038 reflections can be summarized by the lattice parameters, (a, b, c, α, 
β, γ) = (5.296(3), 11.680(10), 7.947(6), 90.01(7), 94.16(5), 89.97(6)) with a unit cell volume 
of 490.3(6) Å3. Its structural analysis results are shown in Fig. 5.13 (a) and Fig. 5.14 (a). The 
ball and stick models in Figure 5.14 were produced by VESTA [74]. 
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(a)                      (b) 
Fig. 5.12 Structure analysis results of an organic compound, taurine: (a) ball-and-
stick model display of the taurine specimen with anisotropic atomic 
displacement parameters of hydrogens by neutron diffraction result by C-
2DPSD diffractometer, and (b) that of X-ray four-circle diffractometer 
with hydrogen isotropic atomic displacement, where one H atom is fixed 
based on the neutron data.  
 
 
 
5.8. Diffraction study trial on bio-materials 
One of the objectives of this development project of the C-2DPSD based diffractometer 
is to build the capability to study a large unit cell volume system of around ~10,000 Å3 or 
more of macromolecular and bio-related materials. The material Na2UMP•7H2O was used to 
measure neutron single crystal diffraction using 2.204 Å neutron by a speed of 0.1°/min 
rotation with a frame interval Δφ=0.2° over 360°, which means an ~2.5 day measurement 
time per 1800 image data frames. All the diffraction spots found are plotted in X-Y channel 
coordinates in Fig. 5.15. The material Na2UMP•7H2O has atomic element numbers in a unit 
cell, Na48C216N48P24O384H600, with the orthorhombic system, P212121. The trial measurement 
produced 1547 Bragg spots among the 7625 possible Bragg positions with unit cell lattice 
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parameters, (a, b, c, α, β, γ) = (8.89(2), 23.04(2), 58.72(4), 90.04(6), 89.94(12), 90.00(17)) 
and volume 12025(31) Å3. A preliminary analysis of this limited number of measured 
reflections showed the possibility that the structure can be solved, including the hydrogen, 
when all available reciprocal lattice points were measured. This field might be important in 
the future, and we must continue the development of the diffractometer more extensively. 
 
 
 
Fig. 5.13 Demonstrated measurement results at a wavelength of 2.204 Å on a large 
unit cell system. The specimen is Na2UMP•7H2O, and its unit cell volume 
is 12025 Å3. 
 
 
5.9. Powder diffraction feasibility 
Figure 5.16 shows a typical example of powder diffraction measurements from a 2 mmφ 
ferrite rod for 22 sec (left) and ~13 hrs (right), which were used to demonstrate the capability 
of measuring rapidly changing phenomena such as kinetic studies or industrial applications. 
The inset photo in the right lower side shows the 2 mm diameter ferrite rod sample used. The 
lower plots shows a histogram over the horizontal direction, i.e., diffraction scattering angle, 
summed up over only 10 channels in the vertical direction. Even the ‘22 sec pattern’ is very 
similar to the 13 hr (46785 sec) one, though the statistics are low. Based on these 
measurements from the ferrite test sample and its evaluation, it was concluded that rapidly 
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changing kinetic measurements up to ~sec can be possible owing to the relatively fast 
counting electronics and whole-pattern-at-once measurement capability of the C-2DPSD.  
 
 
Fig. 5.14 Powder diffraction measurement from a 2 mmφ ferrite rod by the C-
2DPSD. 
 
Since the intrinsic 2-D pattern is useful even for a powder diffraction analysis, a very 
powerful powder diffraction instrument can be possible by extending its 2θ angle range 
needed for usual powder diffraction. This can be rather easily implemented by reducing the 
vertical aperture to a narrow height and extending its horizontal measuring limit to a higher 
angle range, and a more rigid structure of the detector body will then be possible 
mechanically with a double-segmented delay-line structure for position decoding of the 
detector, which counts the detection signal much faster in terms of the global count rate. 
In Fig. 5.17, a conceptual proposal is given by extending the horizontal angle range two 
times, from 512 channel mode to 1024 channel mode, by extending the radius of the diameter, 
too, to achieve a higher resolution in the diffraction pattern. As for area detector mode, there 
is no fine Soller collimator to define the angular resolution, but the sample diameter and 
spatial resolution with sample-to-detector distance define the angular resolution in the 
diffraction patterns. 
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Fig. 5.15 A conceptual proposal for a dedicated powder diffraction diffractometer. 
 
 
5.10. Conclusion 
Just after the C-2DPSD based diffractometer installed at the ST3 beam port in 
HANARO, a series of applications along with the commissioning works including the 
corrections and calibration has been made on chemical and magnetic structure measurements 
using NaCl, terbium iron garnet (Tb3Fe5O12), various single crystals, rapid and direct 
crystallinity check on large crystals such as YMn2O5 of ~1x1x1 cm3, and composition or 
dopant content of diverse compounds using a series of (TmxYb1-x)Mn2O5 single crystals. The 
unique scattering power of neutrons is also demonstrated for the hydrogen containing 
materials using taurine single crystals compared with typical X-ray results, and showed also a 
promising extension to large unit cell systems of ~10,000 Å3 using single crystal 
Na2UMP•7H2O. The applications can be extended to both diffuse scattering measurements 
and industry related texture measurements. 
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6. Summary and Conclusion 
A new neutron single crystal diffractometer based on a large area, horizontally curved 
position-sensitive detector was developed, and its applications for structural studies have 
been made with a series of demonstrations through lengthy collaboration with Tohoku 
University.  
All of these works started from the upgrade, actually a complete refurbishment of the 
FCD at the research reactor HANARO toward the single crystal structural studies, which was 
based on the design features of FONDER at the T2-2 thermal guide in JRR-3M Japan. This 
upgrade resulted in the FCD being a very crowded user instrument at HANARO, and 
triggered single crystal structural studies by neutron diffraction in Korea just after the 
upgrade. As recent collaborating studies with Tohoku University, magnetic structures of 
multiferroic compounds RMn2O5 at low temperature and high pressure were successfully 
resolved.  
As for a trial application of a PSD for neutron diffraction, a small area covering 17°x17°, 
a flat PSD was tried to obtain diffraction spots in FCD at HANARO and FONDER at JRR-
3M, an understanding of the basic characteristics of use and a definition of the target curved 
2DPSD was made. First, pC-2DPSD covering 70° horizontally and 45° vertically was 
developed with a double-sided pad pattern cathode plane to test various ideas and techniques, 
and to find any practical problems. The total delay-time was found to be much longer than 
the designed value due to the huge capacitance of the wide area of the cathode planes, but all 
other features are quite satisfactory. The pC-2DPSD was tested first at the FCD site, and then 
moved to the FONDER site for the field applications of single crystal diffraction 
measurements. During this period, the first version of raw data processing code, PSPC, was 
developed to do a peak search and intensity extraction, and analysis code modules were tried 
and tested.  
Then, based on pC-2DPSD experience, a full-scale curved detector, C-2DPSD, with 
twice the active area of the prototype was designed and fabricated with modified separate 
cathode planes and showed the expected detector parameters including a total delay-time of 
270 ns with an effective covering angular range of 110°×54° in 2θ and χ directions, 
respectively, with a nominal radius of curvature of 530 mm and long-term stable operation 
characteristics.  
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The C-2DPSD was installed in the dedicated new diffractometer at the ST3 beam port in 
HANARO. The diffractometer is equipped with a Ge(311) mosaic monochromator under 
collaboration with Toholu University and theta/two-theta spectrometers with the Euler cradle. 
The diffractometer commissioning was finished together with the development of the 
measurement methodology, and raw data processing and visualization software package, the 
Reciprocal Analyzer. The commissioning incorporates corrections and calibration of the 
instrument parameters using a NaCl laboratory standard crystal, background corrections, and 
dedicated sample environments at room temperature and 10K low temperature cryostat to 
reduce the air scattered background to the large aperture of the C-2DPSD.  
As for the applications and to demonstrate the strong points of the diffractometer, 
various applications were proposed. The following experiments were successfully performed, 
such as a crystallinity check on large volume crystals using YMn2O5 of ~1x1x1 cm3 
measured for just a 50 min measurement, a chemical structure analysis using the standard 
NaCl and an organic compound, taurine, with a single crystal of 2.61 mm in diameter, having 
a large number of hydrogen elements. A new finding is the structural analysis of 
154Sm0.55Sr0.45MnO3 related to the colossal magneto-resistance effect, and the new structure 
model was proposed differently from the reported one. Experiments of (TmxYb1-x)Mn2O5 
single crystals for a rapid and precise analysis of the dopant content in a single crystal as 
grown were performed. A structure analysis of the terbium iron garnet Tb3Fe5O12 using a low 
temperature cryostat and 2 kG magnetic field environment was performed. Finally, a 
demonstrated measurement at a wavelength of 2.204 Å from Ge(111) on a large unit cell 
volume system Na2UMP•7H2O of 11956(15) Å3 was performed for future application to a 
biomaterial structure analysis. Even extension to powder diffraction for kinetics studies or 
texture measurements can be shown.  
The diffractometer is now ready for everyday use, and is about to be an instrument 
milestone of launching for users. 
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A new single-crystal neutron diffractometer based on a large-area curved two-
dimensional position-sensitive detector (C-2DPSD) has been developed. The
diffractometer commissioning is almost complete, together with development of
the measurement methodology and the raw data processing software package,
the Reciprocal Analyzer, and the instrument is now ready to be launched for
users. Position decoding of the C-2DPSD is via a delay-line readout method with
an effective angular range of 110 ! 54" in the horizontal and vertical directions,
respectively, with a nominal radius of curvature of 530 mm. The diffractometer is
equipped with a Ge(311) mosaic monochromator and two supermirror vacuum
guide paths, one before and one after the monochromator position. The
commissioning incorporates corrections and calibration of the instrument using
an NaCl crystal, various applications such as crystallographic and magnetic
structure measurements, a crystallinity check on large crystals, and a study on
the composition or dopant content of a mixed crystal of (TmxYb1#x)Mn2O5. The
installation of the diffractometer and the measurement method, the calibration
procedure and results, the raw data treatment and visualization, and several
applications using the large C-2DPSD-based diffractometer are reported.
1. Introduction
Single-crystal neutron diffraction has been used as a powerful
technique for crystallographic and magnetic structure studies
for more than half a century. Though several high-flux
research reactors have become available in the past few
decades around the world, the method still has several draw-
backs, including the need for much larger single-crystal
specimen volumes, usually $10 mm3 at present, than are
required by X-ray analysis and the low data throughput, and
there is an ever increasing demand for much higher neutron
fluxes for sophisticated tasks. Roughly speaking, the time
needed for typical laboratory X-ray single-crystal diffraction
(SCD) on a specimen of $0.1 mm3 volume would be about
three–four days at one temperature point, and for synchrotron
X-ray SCD it is usually about one day for a$10 mm sample. In
contrast to the case of X-ray diffraction, modern research-
reactor-based neutron SCD takes from around three days to
three weeks for data acquisition for a typical specimen size of
$10 mm3. These days some reactor-based Laue diffract-
ometers already take typically one day for 0.1 mm3 sample
volumes for smaller unit-cell crystals, and newly built SCD
machines at spallation neutron sources are targeted at
approximately one day for 0.1 mm3 sample volumes, which is
similar to the time required for the laboratory X-ray case.
In X-ray SCD, area detectors such as the imaging plate (IP)
and charge-coupled device (CCD) have widely prevailed. On
the other hand, use of these area detectors has been relatively
rare in neutron SCD. There are position-sensitive detector
(PSD)-type neutron single-crystal diffractometers such as
BIX-3 (Tanaka et al., 2002) and BIX-4 (Kurihara et al., 2004) at
JAEA, LADI (Cipriani et al., 1995) and VIVALDI (Wilkinson
et al., 2002; McIntyre et al., 2006) at ILL, and KOALA at
ANSTO with an image plate. There are also SXD (Keen et al.,
2006) with a scintillator, CYCLOPS (Hewat, 2006) with a
CCD, and a gas-counter-type PSD but with a different readout
method (PCS; Kovalevsky et al., 2010) at LANL, WOMBAT
(Studer et al., 2006) at ANSTO and D19 (Forsyth et al., 2001;
http://www.ill.eu/instruments-support/instruments-groups/
instruments/d19/description/instrument-layout/) at ILL. Most
of these machines target a broad range of biological or protein
structural studies (Blakeley, 2009).
We have developed a new neutron single-crystal diffract-
ometer based on a large-area curved two-dimensional posi-
tion-sensitive neutron detector (Moon et al., 2007, 2013),
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located at the research reactor HANARO. Our objective was
to achieve a one–three day measurement time for an
approximately 1 mm3 sample volume, as well as much faster
measurements over a wider range of reciprocal space, even for
large-unit-cell systems with unit-cell volumes of up to
30 000 A˚3, thus reducing the total measurement time to within
the practically available beam time.
The advantages of the IP method include a very large solid
angle coverage under a pseudo-Laue or monochromatic beam,
by a relatively low cost solution, using film-like technology
with a high spatial resolution of $200 mm and a large dynamic
range of $106. On the other hand, this method is relatively
vulnerable to the !-ray background, has a lower signal-to-
noise ratio and, the greatest disadvantage, has a slow readout
time of the order of minutes. The gas-counter PSD-type
diffractometer is superior to the image plate in terms of its
high signal-to-noise ratio, which results from its differential
detection characteristics, and very low !-ray background, and
the capability to be equipped with diverse sample environ-
ments. Although the local and global maximum count rates for
the gas-counter-type PSD are relatively low, reactor-based
neutron SCD signals fall within the range covered by such a
detector; the lack of a wide solid angle coverage would be the
only remaining problem.
Fig. 1 shows a comparison of the throughput between a
four-circle diffractometer (FCD) with a point detector and a
diffractometer with an area detector. The model calculation
was done with the assumption that the crystal system was
orthorhombic, and intensity measurement by the FCD took
$10 min per diffraction point using a 1.24 A˚ neutron beam
and 2"max = 150"; for the area-detector case, a scan speed of
0.2" min#1 over a 180" range, covering a range of 2"max = 150",
#max = 45", was used. We simply considered the measurement
time for the number of reciprocal space points and neglected
here the counting statistics and weaker intensity due to the
larger unit-cell volume. It should be noted that the horizontal
and vertical axes have a logarithmic scale. As the lattice
constants become larger, there is a crossing point between the
two measurement methods, and the measurement time by the
area-detector method is stable over a wide range of lattice
constants. It is evident that the area-detector method is
superior for larger-unit-cell or low-symmetry systems. This
also suggests that the area-detector method is quite efficient
for searching a wide reciprocal space volume with no
assumptions on the specimen under measurement.
Our development strategy was based on a conventional
four-circle neutron single-crystal diffractometer with a tube
detector, through a relatively small area, a flat two-dimen-
sional detector, and finally a new dedicated diffractometer
equipped with a large-area curved two-dimensional position-
sensitive detector (C-2DPSD). The measurement metho-
dology and raw data processing software were developed
concurrently. Just after installation of the diffractometer, the
commissioning work was done, incorporating corrections and
calibration along with various applications such as chemical
and magnetic structure measurements, large-crystal crystal-
linity checks, and a study on the composition or dopant
content of a mixed crystal system.
In this report, the diffractometer installation and
measurement method, calibration procedure and results, raw
data treatment and visualization, and several applications
using the large-area C-2DPSD-based diffractometer are
presented.
2. Instrumentation
2.1. Diffractometer components and monochromator
The new diffractometer was installed in the ST3 beam port
of HANARO; this beam port is shared by three different
diffractometers. The first from the beam port end position is a
high-intensity powder diffractometer having a bent perfect
Si(511) slab as a monochromator. The second is the C-
2DPSD-based diffractometer reported here, and the third is a
BIX-type diffractometer with a bent perfect Si(111) mono-
chromator. There had been only one instrument in this port, a
neutron reflectometer, for 10 years from 2001. After this old
instrument was relocated into the cold neutron guide hall in
late 2010, the monochromator shield was modified and rein-
forced to accommodate three separate instruments by dividing
and sharing the cross section of the beam port and different
wavelengths in the spectrum.
Fig. 2(a) shows the arrangement of the diffractometer
installed on the right side behind the monochromator shield of
the ST3 beam port, and the schematic in Fig. 2(b) shows the
internal configuration of the supermirror guide path in front of
the monochromator (another supermirror inside the shield,
positioned between the monochromator and the sample
position, is not shown), the two shutters (shown as red and
blue boxes) and the spectrometer with the detector shield.
The C-2DPSD has an active area of 937 ! 520 mm,
composed of single segmented wire frames with delay-line
components on the cathode frames of wires (X) and strips (Y);
the total delay time in the X direction (curved) is 240 ns, and
that in Y (vertical) is 170 ns. The position decoding is done by
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Figure 1
Comparison of measuring methods between a four-circle diffractometer
and an area-detector-based diffractometer. Both axes are in logarithmic
scale.
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an in-house-developed fast time-to-digital converter (TDC)
with a minimum time resolution of 128 ps, which has four
reading resolutions of 256, 512, 1024 and 2048 channels. Most
of the time, the 512 channel mode is selected, and then the
active area of 937 mm in X and 520 mm in Y results in 400 !
252 channels in the X and Y directions, respectively. The
angular coverage of the detector, with a radius of 530 mm, is
110" in X and 54" in Y. The detector has a gas mixture of
3.9 atm of 3He and 0.7 atm of CF4 (1 atm ’ 101.323 kPa) with
a 3.4 cm detection depth, and the detection efficiency was
obtained as $35% at 1.153 A˚ and 44% at 2.204 A˚, with
position resolutions in terms of the FWHM of a point spread
function of 3.16 channels (6.4 mm) in X and 2.66 channels
(4.8 mm) in the Y direction.
The diffractometer has a similar mechanical structure to a
four-circle diffractometer, having an Eulerian cradle, but has a
large-area curved detector instead of a point detector. It can
use a Ge(311) mosaic crystal slab (with 150 mosaicity) as
primary monochromator to produce 1.153 A˚ radiation at a
take-off angle of 39.5", and because the slab has [311] as the
surface normal and [011] as the vertical direction, several
other wavelengths, namely 0.7804, 2.204 and 0.7358 A˚, are
easily selected by rotating the slab, as summarized in
Table 1 (Miyake et al., 2010). The 2.204 A˚ radiation is
important for measurements of large-unit-cell materials. The
resolution function curve of the diffractometer in terms of the
FWHM of peak profiles in 2" is less than 0.5" in the 2"
range less than 110". The 1.153 A˚ flux from the Ge(311)
monochromator at the sample position was estimated by the
Au-foil neutron activation analysis method to be $1.88 !
106 neutrons cm#2 s#1 at 27 MW thermal power. The 2.204
and 0.7804 A˚ fluxes were $60 and $30%, respectively, of the
flux at 1.153 A˚. The thickness of the installed Ge mosaic
monochromator is 4 mm at present, but it will be replaced by a
new Ge(311) mosaic monochromator with 6 mm thickness and
improved mosaicity in the near future.
All the spectrometer parts and the area-detector shield unit
can be moved by an air bearing method on a wide-area
monolithic granite floor; the detector unit is actually floating at
all times during operation, both to protect the detector against
any mechanical vibration or shock and to allow it to be moved
precisely and quickly.
The control and data acquisition system is configured on a
PC running Linux, which controls the TDC-based C-2DPSD
nuclear counting modules, a motion control unit and sample
environment temperature controllers. All of the devices are
controlled by the instrument control program SPEC (http://
www.certif.com/content/spec/) on the Linux operating system.
The TDC module was developed under collaboration with the
Korea Astronomy and Space Science Institute (Nam et al.,
2007), and its dedicated device driver was also developed with
SPEC.
The diffractometer has a customized room-temperature
sample chamber and a 10 K closed-cycle refrigerator-type low-
temperature sample chamber to reduce background from air
scattering along the direct-beam direction over the wide
opening of the area detector. The room-temperature chamber
is of 220 mm-diameter cylinder shape with a magnetic seal
coupling in the bottom plate, to accommodate fixed-beam-
path inlet and outlet tubes attached to the chamber along the
direct-beam direction. A cylinder-type Al vacuum shroud for
the 10 K low-temperature cryostat was made, with 190 mm
diameter and 2 mm thickness in the detector direction; the
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Table 1
Possible wavelength selection of the monochromator.
Angle position (") Reflection plane $ (A˚)
#9.46 Ge(511) 0.736
0 Ge(311) 1.153
+10.09 Ge(422) 0.780
+29.57 Ge(111) 2.204
Figure 2
The diffractometer installed in the ST3 beam port at HANARO. (a) The
photograph shows the installed configuration of the diffractometer. The
customized sample vacuum chambers are not shown in the photograph.
(b) The schematic shows the supermirror guide path in front of the
monochromator (the rear guide path after the monochromator is not
shown), two shutters (red and blue boxes) and the spectrometer with the
detector shield.
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shroud has shielded inlet and outlet tubes of 25 mm diameter
with a thin aluminium window. A magnetic seal coupling with
70 mm-diameter bore was applied to rotate the sample axis to
keep the vacuum shroud fixed; a 1 mm-thickness Al thermal
insulation and 50 mm-thickness Al sample can of 53 mm
diameter were also made.
2.2. Measurement methods
The measurement method using the area detector can be
explained starting from the method of the conventional four-
circle diffractometer, in which there are four angles (2", !, #,
’) describing the crystal orientation and diffraction condition.
With a precisely known orientation matrix (UB matrix), each
reflection, i.e. the reciprocal lattice point, is positioned with
respect to the diffraction point in the scattering plane by
successive rotations of the sample by the three angles (!, #, ’).
Then the remaining parameter, 2", satisfies the diffraction
condition of the scattering vector. Although the single-crystal
diffraction points are treated as points, in reality, the reflec-
tions have finite dimensions depending on the crystal size and
quality, i.e. mosaicity, and on the finite dimensions, angular
divergence and wavelength dispersion of the beam.
In X-ray diffraction, IP- and CCD-based measurements
dominate under the usual environments of high-intensity
X-ray sources, such as a rotating-anode generator or
synchrotron X-rays, and strong diffraction signals. For neutron
diffraction, usually the flux to the sample is relatively low and
the diffraction signal is weak. Hence detection with high
sensitivity and low noise is crucial. A typical multi-wire gas
detector with a research-reactor neutron source falls into this
flux range, with a maximum local count rate of $10 !
103 counts s#1 mm#2 and a global maximum count rate of
$500 ! 103 counts s#1. However, fabrication of a large-area
detector, i.e. a large-solid-angle detector, with this technology
is difficult, and so neutron IP technology is adopted because of
the very large solid angle measurement possible. Measure-
ment methods for these area-detector-based diffractometers
are similar, that is, several specimen orientations are possible
and successive measurements can be made by specimen
rotation in order to cover as much as possible of the reciprocal
space within the available measurement time.
Fig. 3 shows a schematic of the C-2DPSD-based diffract-
ometer geometry and all the parameters used in this paper.
The diffraction angle in the basal plane is 2"B, and two angles
(!, ’) for the sample rotation, i.e. the Ewald sphere rotation,
are the same as for the four-circle diffractometer, but the angle
of elevation, #d, is different because the sample is only rotated
by ’ (equivalent to ! rotation with # = 0 or a two-axis diffrac-
tometer) during the measurement; a wide-area detector could
measure other reciprocal lattice points off the equatorial
scattering plane in the Ewald sphere.
As shown in Fig. 3(b), when we try to measure the
diffraction signal, we get (X, Y), the position of any diffraction
spot found, and the intensity at the distance from the sample
position L. This parameter set combined with the sample
rotation, ’, is converted to the reciprocal space point (x*, y*,
z*). Here the sample is rotated around the ’ axis, and the !
axis is always fixed with # = 0; thus the two axes are coaxial,
and the sample goniometer is used for inclination of the
specimen. As the sample is rotated continuously, an image of
512 ! 512 pixels is obtained at a given angular increment by
!’, and this image is then transferred to the computer in
$0.3 s. As the sample rotates successively by 360", the reci-
procal lattice points limited by the Ewald sphere can be
measured. It should be noted that ’ rotation is normally a
continuous scan, not a step scan. A more detailed practical
consideration for the transformation to the reciprocal space
point from the real space coordinates can be found in Inter-
national Tables for Crystallography, Vol. C (Helliwell, 1999).
The Bragg spots found in these image frames are converted
to the equivalent reciprocal space points, i.e. vectors, and then
a UB matrix can be found by the vector minimum or other
methods. This point will be explained in more detail in the
next section. We note that the UB matrix is determined after
the whole data collection measurement is finished, making the
initial orientation of a specimen unimportant. This means that
pre-determination of the UB matrix is not necessary for the
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Figure 3
Two schematics showing the geometry of the diffractometer and its
parameters for measurement. (a) The diffractometer configuration,
similar to a two-axis diffractometer, and (b) a side view of the
configuration from the sample to the detector, and the machine
parameters (X, Y) of Bragg spots with their equivalent angular
parameters (2"B, #d) in an image data frame (the detection area) of the
area detector.
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data collection, and also all the space points covered by the
scan can be searched without missing any of them.
With regard to the intensity measurement, the integrated
intensity can be obtained by summing the intensities over
peak area pixels of the Bragg spot in the image frame, as
shown in Fig. 4. As stated earlier, the Bragg spot reflections
have finite dispersions and so a single reciprocal lattice point
appears usually over several image data frames, in which case
each spot in an image frame is actually a partial portion of the
reciprocal lattice point. Of course this is also dependent on the
angular increment unit, !’, for one frame. Therefore, the
complete integrated intensity of each reciprocal lattice point
should be summed over these image data frames.
2.3. Raw data treatment and visualization
There are several types of single-crystal diffraction experi-
ment and hence different requirements for each experiment.
One such experiment is the collection of many Bragg reflec-
tions under given environmental conditions, such as
temperature, electric or magnetic fields, pressure etc., for a
structural solution or refinement study. This is our main target
for this development. Another is the mapping or searching of
a wide reciprocal space of diffuse scattering or the detection of
superlattice or satellite reflections. The other widely used
techniques for SCD are to measure any specified reciprocal
space points, i.e. individual reflections in any direction (usually
called a q scan, a generalized reciprocal space scan), and to
trace reciprocal lattice points related under the environmental
parameters through various phase transitions or structural
changes.
In order to utilize the advantages of diffraction with a large-
area detector, we need to have appropriate tools for raw data
acquisition and processing to produce the required data with a
convenient format for various analysis programs, together
with intuitively easy, fast and functionally powerful visualiza-
tion tools. One of the very different features of data produced
from an area-detector diffractometer is the huge size of the
raw data sets obtained compared to the case of a point-
detector diffractometer. Hence the raw data processing soft-
ware and the visualization tools should be able to handle these
large data packets of $GB size. Over the past several years,
we have developed and tested the modules needed to process
each step from data acquisition through raw data preproces-
sing to data manipulation for a reflection intensity list for
structure analysis; this software is now packaged into the
Reciprocal Analyzer with a unified graphical user interface
(GUI) and visualization tools (Ishikawa et al., 2008; Noda et
al., 2011).
Fig. 5 shows the overall structure and work flow in the
Reciprocal Analyzer; the central boxes with bold characters
represent each code module, i.e. program, and the boxes on
the left and right sides are their input and output data files and
parameter files. All the modules except PSPC and 3D-Int are
written in Fortran, and each module is linked by input–output
disk files with generic names such as param.dat, ang-Q.dat,
ub.dat and HKL.dat. The package is sufficiently flexible to
accommodate data from various sources, including laboratory
four-circle X-ray diffractometers, neutron four-circle diffract-
ometers, two-axis X-ray diffractometers with an image plate
and three-axis (2 + 1) X-ray diffractometers (except for PSPC,
which is applicable only for the C-2DPSD diffractometer).
An image data frame is acquired and saved after an angular
increment !’ for each frame. For example, when !’ is equal
to 0.2", then 1800 image frames are acquired over the
complete rotation of 360". Because there are 4 bytes per pixel
in the 512 channels each in the X and Y directions, one image
frame corresponds to 1 MB, and therefore the set of data
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Figure 4
A schematic showing the measurement method by sample rotation. The
sample rotates around the ’ axis, usually by 360", while the ! axis is fixed.
When the unit step width of rotation is 0.2", then one frame of the image
data contains all the reciprocal points in that step width, !’ = 0.2". The
detector range in diffraction angle 2"B is 110" and so a two-step
measurement is needed to cover a full diffraction range up to 160".
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amounts to 1.8 GB. When!’ is 0.1", then a 3.6 GB data file is
produced for a 360" measurement. The data structure of the
pixel has extra information, such as the time stamp, and we
could reduce the size of the data file by transforming 2 bytes
only from the 4 byte format, to retain just the intensity
information; in this case the maximum recorded intensity per
pixel could be cut by a 16 bit number (65 535). The active
working space of the image data frame does not occupy the
square-shaped full channel area because the detector shape is
elongated horizontally, from the angular dimensions of
$110 ! 54" of the detector. Again the net data size could be
reduced physically by extracting just the active area. Finally,
the reduced data file size would be $0.3 MB per frame, i.e.
$0.54 GB per data set of 1800 frames with !’ = 0.2".
The PSPC module, discussed below in more detail,
processes a data set of image frames as a whole, together with
the given parameter file, 2DPSD.config, to produce a list of
peaks using the peak search routine. The module requires user
inputs for the threshold level of a peak and a masking box size
to select an appropriate peak area manually by eye. In the first
stage, a rather higher threshold level, i.e. stronger peaks, is
selected. The peaks list contains information in a specific
format (peak number, file number, X, Y, intensity), and this
information, expressed as machine parameters in real space, is
converted into reciprocal space coordinates, Q, by the module
xyf2aq, using the parameter file param.dat; this contains the
diffractometer parameters, experiment configuration and
conversion factors for those machine parameters, with control
codes for program execution.
The ang-Q.dat file contains information on the observed
reciprocal lattice points, including spurious peaks from various
sources such as powder patterns from the sample environ-
ment. The UB matrix and indexing of each point can be
obtained by applying one of the codes among vm, 2brg, 3brg
andUB_MonteCarlo. The vmmodule produces the UB matrix
from the given Q values of selected reflections by the vector
minimum method. The 2brg module produces the UB matrix
from two selected reflections with lattice parameters, and 3brg
produces the UB matrix from three selected reflections.
UB_MonteCarlo gives the UB matrix using the given lattice
parameters. The first result might be transformed into the
Bravais lattice by using b_lat and ub_trans with lsq, that is, the
Bravais lattice finder, the UB matrix lattice transformer and
the least-squares refinement module, respectively.
We now obtain a new ang-Q.dat file with the refined UB
matrix and a new indexing of well defined reciprocal lattice
points under the adopted Bravais lattice. If it is acceptable, a
list of the complete reciprocal lattice points with their real
space points (file number, X, Y) is produced by hkl2xyf from
the UB matrix, and then 3D-Int tries to produce the integrated
intensity for each of those reciprocal lattice points over the
data set of the image data frames. The final result is then
produced for all the reciprocal lattice points, with detailed
information on their indexing and integrated intensity
corrected by the Lorentz factor (Nitta, 1961). They are also
categorized by their peak quality, as ‘good peak’, ‘no peak’,
‘no good peak’, ‘peak out of expected region’ and ‘peak out of
experimental area’, where ‘no good peak’ means that there is a
peak intensity but it does not satisfy the criterion that the spot
is not separated from the expected point by less than 0.1
reciprocal space distance, and ‘partial peak’ means that there
is a peak but it resides around the boundary of the image
frame and so the calculation of the integrated intensity could
not be completed. From this information, the reflection-
intensity list is extracted with an appropriate format, such as [h
k l F2 %(F2)], for analysis.
The program DABEX is usually applied to the reflection-
intensity list for absorption correction and path length calcu-
lation, and the program RADIEL (Coppens et al., 1979) is
used for structure analysis; this program has been modified in
house for improved extinction corrections. SHELX (Shel-
drick, 2008), FullProf (Rodrı´guez-Carvajal, 1993) or GSAS
(Larson & Von Dreele, 2000) could also be used for crystal-
lographic or magnetic structure analysis.
PSPC is a program implementing the two-dimensional peak
search function to find peaks in the image data frames under
the given conditions, though it has many other functions for
data treatment and crystallographic calculation, as described
above [see Fig. 6(a) for a screenshot of its typical working
screen]. Once the threshold level to judge a clear meaningful
peak and the size of the square box for defining the peak area
in the image frame are given by the user, then the peak search
routine tries to find each peak by successively relocating the
center of the search box to the center pixel calculated from the
center of gravity. The integrated intensity is then calculated by
successive masking for the background signal and noise to
extract the net intensity. This process continues until the whole
area and the last image frame have been searched. The present
integration scheme assumes that each reflection can be
isolated within the box. When the first peak search process is
finished, the user can visually inspect all the peaks that were
found automatically by the program, as shown in Fig. 6(a), and
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Figure 5
A schematic showing the flow of the raw data processing, starting from
the Bragg spot search through UB matrix calculation to the production of
the reflection-intensity data file for analysis by using the Reciprocal
Analyzer.
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add or remove possible peaks manually. The second process
then combines those distributed peaks over several consecu-
tive image frames.
There are two visual display sub-windows in PSPC, as
shown in Fig. 6(a), and one separate window, as shown in
Fig. 6(b), called the reciprocal space viewer in the Reciprocal
Analyzer. The left sub-window in PSPC represents each image
frame display as a whole, showing the status of peaks found,
and the right sub-window shows a single peak covered by the
search box with histograms in the horizontal and vertical
directions. Visualization requires clarity and speed without
undue loss of information, and the ability to guide the
experimenter by providing necessary information in the
bottom part of the GUI. The reciprocal space viewer shown in
Fig. 6(b) displays the three coordinate axes of the reciprocal
space under consideration and the lattice points found by
PSPC in three dimensions; the viewer can be used to show
various situations of the measured reciprocal lattice point
distribution by manipulating flags in the reflections list in
order to change the colors on the screen and the rotation of
axes in any direction.
The PSPC program, the visual display modules and the
packaging code integrating all the modules in the Reciprocal
Analyzer are written in the C programming language with the
OpenGL library and GUI toolkit. They can therefore be easily
ported to different OS platforms, and actually three versions
of the code are available, on Windows, Mac and Linux, to
satisfy the demands of the diverse user base in a neutron
scattering laboratory.
2.4. Calibration of the diffractometer using an NaCl single
crystal
The calibration of a diffractometer is usually carried out
using an NaCl single crystal, a de facto laboratory standard
specimen, by refining the various conversion factors, distances,
zero offsets, wavelengths and standard detector angles.
First, the conversion factor (!2"B/!X) for angle 2"B from
the X-channel coordinate is obtained by measuring diffraction
spots; an hk0 reflection in the equatorial scattering plane is
measured as a function of the mechanical step movement of
research papers
J. Appl. Cryst. (2013). 46, 697–708 Chang-Hee Lee et al. % A new neutron single-crystal diffractometer 703
Figure 6
Screen capture images showing (a) the PSPC working window for the
automatic peak search and (b) a schematic display of the spots in
reciprocal space from the Reciprocal Analyzer.
Figure 7
(a) Typical image data for the conversion factor in 2" and !X during
machine parameter calibration using NaCl 220 Bragg spots and (b)
schematic plots of NaCl Bragg spots in (X, Y) space collected using two
detector arm positions.
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the detector unit itself, i.e. 2", as shown in Fig. 7(a), in which
the NaCl 220 reflection is measured by moving the detector
with a step of 5". All the diffraction spots found by PSPC from
a complete scan over 360" rotation of the NaCl crystal are
plotted in Fig. 7(b), which clearly shows the group in l layers of
reflections. By averaging hk0 and hk0, we can obtain the
distance (!Y) between the l = 0 and l = 1 layers. Then using
these reflections, the equator line information Y0, the detector
arm nominal position X0 at 2"c and the slope of the X–Y
channels could be obtained. With regard to the conversion
factor for the angle of elevation, #d, from these reflections in
the Y channels, we use the conversion factor, !#d/!Y/L.
Next, the wavelength $ of the neutron beam from each
monochromator position for different wavelengths should be
calibrated. This can be done by plotting hk0 reflections in the
horizontal scattering plane against the X channel and least-
squares fitting, assuming the given lattice parameter of the
NaCl crystal, using the Bragg equation. When another wave-
length is selected or any working condition of the diffract-
ometer components is changed, the calibration procedure
described above should be repeated. Typical results of the
calibration are summarized in Table 2. By carrying out this
calibration process precisely, any misalignment of the mono-
chromator, spectrometer table or detector unit can also be
detected, and this process therefore should be done regularly
at the beginning of each reactor operation cycle.
3. Applications
3.1. Large-single-crystal check
One of the fastest and most direct applications is a crystal
quality and orientation check, which is especially useful for
large-volume crystals using the high penetration power of
neutrons. As a typical example, a YMn2O5 single crystal of
$1 ! 1 ! 1 cm could be measured in $50 min to obtain the
UBmatrix in addition to performing a quality check. This kind
of measurement can be done usually within 1 h for widely
varying conditions in volume, crystal system and shape to
obtain information on the crystallinity, twins, daughter crys-
tallites and so on.
3.2. NaCl structure analysis
The first trial structure analysis was conducted on NaCl. An
NaCl single crystal with dimensions of 2 ! 2 ! 2 mm was
measured by ’ rotation, over two nominal 2" positions of the
detector arm, 2"c = 40 and 80", to cover a full diffraction angle
range of up to 160". As described in x2.3, the reflection-
intensity list was extracted. Then the program DABEX was
applied to F2 and s.u. %(F2) for the absorption correction and
path length calculation. This corrected reflection-intensity list
was input into the program RADIEL to obtain the structural
parameters with extinction corrections.
Fig. 8(a) shows a plot of all of the 391 reflections found,
namely 247 good peaks and 144 ‘no good’ and partial peaks,
taken at a detector nominal position of 40". Because the
wavelength was as short as 0.8912 A˚, this measurement could
capture the reflections of the l = #2 to l = +3 layers (see
Fig. 7b), but the spots appearing at l = #2 gave a lot of partial
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Table 2
Summary of the typical machine parameters.
Conversion factor in !2"B/!X 0.2614 (1)" per channel
Conversion factor in !#d/L/!Y 0.003917" per channel
X–Y slope #0.0041
Origin point (X0, Y0) in channels (181.50, 94.135)
Active range in (X, Y) in channels (60, 100)–(460, 360)
2"B range at the detector arm position 40" 7.8–112.2"
#d range #18.4–34.5"
Figure 8
Results of structure analysis on NaCl from the C-2DPSD diffractometer
at different wavelengths. (a) An Fobs
2 versus Fcal
2 plot from the
measurement at the neutron wavelength 0.891 (1) A˚, and (b) the
corresponding plot at 1.153 (1) A˚. The designations 2" = 40 and 80"
represent two measurement arrangements of the detector denoted by its
arm angle reading. The vertical and horizontal axes are in logarithmic
scale.
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peaks owing to the location around the image boundary, and
they were removed for analysis as partial peaks. The reliability
factors are given as R(F) = 0.070 and R(F2) = 0.098, respec-
tively, with isotropic atomic displacement parameters of
B(Na) = 1.52 and B(Cl) = 1.58. The unit-cell parameters for
the 2"c = 40" measurement were a = 5.658 (3), b= 5.657 (2), c=
5.655 (6) A˚, & = 89.97 (7), ' = 89.99 (7), ! = 89.98 (4)".
When measured at a neutron wavelength of 1.3143 A˚, as
shown in Fig. 8(b) (taken at two detector nominal positions of
40 and 80", and analyzing the data together), reliability factors
R(F) = 0.062 and R(F2) = 0.075, and isotropic atomic displa-
cement parameters of B(Na) = 1.575 and B(Cl) = 1.570 with
398 good reflections were obtained. If we analyzed the data
taken at the two positions separately, their R(F) and R(F2)
factors were 0.046 and 0.060 for 40" data, and 0.070 and 0.093
for 80" data, respectively. Thus the reliability and reproduci-
bility proved to be satisfactory.
3.3. Structure analysis of Tb3Fe5O12
Terbium iron garnet (TbIG), Tb3Fe5O12, is known to have a
normal cubic crystal structure at room temperature, with space
group Ia3d, where the Wyckoff positions are Tb 24c, Fe 16a,
Fe 24d and O 96h, and a lattice constant of 12.4364 A˚. A
preliminary structural study was carried out on a TbIG single
crystal with and without a magnetic field of 2 kG along the
cube diagonal direction [111].
Fig. 9 shows the measurement results taken over a 360" full
sample rotation with a magnetic field of 2 kG at room
temperature, and the inset photograph in the figure shows the
permanent magnetic field device used, attached to the low-
temperature sample environment. The measurement yielded
503 good peaks and 42 partial peaks out of a possible 8121
peaks, and resulted in R(F2) = 0.1354 and lattice parameters of
a = 12.487 (6), b= 12.480 (6), c= 12.474 (6) A˚, &= 89.97 (4), '=
90.04 (4), ! = 89.97 (4)". Low-temperature measurements with
the magnetic field along the [111] direction and a magnetic
structure analysis will be published elsewhere.
3.4. Composition analysis of a mixed crystal of
(TmxYb1#x)Mn2O5
One convenient and powerful application is the rapid
determination of replacement element or dopant composition
in various compounds or solid solutions, as shown in Fig. 10(b).
Fig. 10(a) shows one example of such an analysis, wherein a
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Figure 9
Structure analysis results of terbium iron garnet, Tb3Fe5O12, at room
temperature with a magnetic field of 2 kG for 502 good peaks. The inset
photograph shows the magnetic field device attached to the cold head.
The vertical and horizontal axes are in logarithmic scale.
Figure 10
Analysis results for a (TmxYb1#x)Mn2O5 single crystal. (a) Fobs
2 versus Fcal
2
plot (R0 and R90 represent the sample rotated orientation with respect to
the sample goniometer vertical axis) and (b) a plot showing the element
composition of different crystals of (TmxYb1#x)Mn2O5 and their
structural configuration depending on the replacement of elements.
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series of (TmxYb1#x)Mn2O5 single crystals were subjected to
half to one day measurements to analyze the effect of repla-
cing an element just after growth, as shown in Fig. 10(b). The
oxygen position distortion, depending on the composition, was
also found to be consistent with high precision and accuracy.
For the (TmxYb1#x)Mn2O5 case, X-rays cannot distinguish
between the elements Tm and Yb, but neutrons can do this
very easily. This result with other physical measurements will
be published elsewhere.
3.5. Hydrogen-containing materials
Neutrons have unique scattering cross sections for many
elements, and one typical case would be hydrogen, where the
cross sections of hydrogen and deuterium are significantly
different: a large incoherent cross section and negative
coherent cross section for hydrogen, and an appreciable
positive coherent cross section value, similar to that for
carbon, for deuterium. Single-crystal neutron diffraction is less
disturbed by the incoherent scattering cross section of
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Figure 11
Structure analysis results for the organic compound taurine. (a) A ball-and-stick model of the taurine specimen with anisotropic atomic displacement
parameters for H atoms, obtained by neutron diffraction results from the C-2DPSD diffractometer, and the equivalent model obtained using results from
an X-ray four-circle diffractometer with isotropic atomic displacement parameters for H atoms (one H atom was fixed on the basis of the neutron data).
(b) A comparison of Fobs and Fcal for the neutron and X-ray structure analysis.
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hydrogen. In order to demonstrate the advantage of neutron
diffraction for the structural study of materials containing
hydrogen with fairly large unit cell volume, the compound
taurine was grown and characterized by a laboratory X-ray
FCD and the C-2DPSD diffractometer.
X-ray diffraction measurements on a specimen of 0.6 mm
diameter using an Mo target gave the result as a primitive
monoclinic crystal system, space group P21/c, with lattice
parameters a = 5.2813 (2), b= 11.6416 (4), c= 7.9203 (3) A˚, &=
90.001 (3), ' = 94.093 (3), ! = 89.997 (3)", and a unit-cell
volume of 485.72 (3) A˚3. The structural analysis results are
shown on the right side of Figs. 11(a) and 11(b). Some of the H
atoms were fixed on the basis of the following neutron struc-
ture analysis.
The specimen for neutron diffraction was a sphere-shaped
crystal with 2.61 mm diameter. Neutron diffraction with a
wavelength of 1.153 A˚ was measured using conditions of
0.5" min#1 rotation, 0.2" per frame over 360" in ’ (12 h net
measurement time), and two nominal 2" counter arm positions
equal to 37 and 80" with two specimen orientations of the
sample rod of 0 and 90", respectively, and with tilting of the
crystal of about 30" using the sample goniometer head. This
produced a total of four sets of 1800 image data frames. The
analysis results from 2038 reflections could be summarized by
the lattice parameters a = 5.296 (3), b = 11.680 (10), c =
7.947 (6) A˚, & = 90.01 (7), ' = 94.16 (5), ! = 89.97 (6)" with a
unit-cell volume of 490.3(6) A˚3 and are shown on the left side
of Figs. 11(a) and 11(b). The ball and stick models in Fig. 11(a)
were produced by the program VESTA (Momma & Izumi,
2011).
3.6. Diffraction study trial on bio-materials
One of the objectives of the development project of the
C-2DPSD-based diffractometer is to build the capability to
study large-unit-cell-volume systems of around $10 000 A˚3 or
greater, such as macromolecular and bio-related materials.
The material Na2UMP&7H2O (UMP is uridine monophos-
phate) was used to measure diffraction of 2.204 A˚ neutrons at
a speed of rotation of 0.1" min#1 over 360", that is, $2.5 days
of measurement time per 1800 image data frames. The
material Na2UMP&7H2O has atomic element numbers
Na48C216N48P24O384H600 in the unit cell, with the ortho-
rhombic system P212121. The trial measurement produced
1547 Bragg spots among 7625 possible Bragg positions, with
unit-cell lattice parameters a = 8.89 (2), b = 23.04 (2), c =
58.72 (4) A˚, & = 90.04 (6), ' = 89.94 (12), ! = 90.00 (17)" and
volume 12 025 (31) A˚3. Preliminary analysis of this limited
number of measured reflections showed that the structure
could be solved, including the H atoms, when all available
reciprocal lattice points were measured.
4. Concluding remarks
A new neutron single-crystal diffractometer has been devel-
oped, based on a large-area curved position-sensitive detector
covering a range of 2"B = 110", #d = 54", equipped with a
Ge(311) mosaic monochromator and supermirror vacuum
beam paths. We have developed a measurement methodology
as well as an integrated software package, the Reciprocal
Analyzer, for processing raw data sets with a size of the order
of GB in order to find the UB matrix, index reflections and list
reflection intensity as well as to make corrections for struc-
tural analysis. During this process, flexible tools for visuali-
zation of reciprocal space point distribution and diffraction
spots in the raw data image frames have been provided,
closely linked together via software modules in the code
package. Along with this raw data preprocessing software
development, a precise calibration method and procedure for
determining the diffractometer machine parameters were also
devised and refined using an NaCl single crystal. Commis-
sioning has been completed as described and thereby the
instrument milestone of ‘launching for users’ has now been
reached.
The task of correction and calibration using an NaCl crystal
would be the actual starting point for various applications for
this diffractometer. We have demonstrated applications such
as crystallographic and magnetic structure measurements
using NaCl and Tb3Fe5O12 single crystals, a rapid and direct
crystallinity check on large crystals of YMn2O5 of $1 ! 1 !
1 cm, and the study of the composition or dopant content of
diverse compounds using a series of (TmxYb1#x)Mn2O5 single
crystals. We demonstrated the unique scattering power of
neutrons in hydrogen-containing materials using taurine single
crystals compared with typical X-ray results, and showed a
promising extension to large-unit-cell systems of $10 000 A˚3
using an Na2UMP&7H2O single crystal. The applications could
be extended to diffuse scattering measurements and industry-
based texture measurements.
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A new type of two-dimensional curved position-sensitive neutron detector has been developed for a
high-throughput single-crystal neutron diffractometer, which was designed to cover 1101 horizontally
and 561 vertically. The prototype curved detector covering 701 horizontally and 451 vertically was ﬁrst
developed to test the technical feasibility of the detector parameters, the internal anode and cathode
structures for the curved shape, technical difﬁculties in the assembly procedure, and so on. Then, based
on this experience, a full-scale curved detector with twice the active area of the prototype was fabricated
with newly modiﬁed anode and cathode planes and optimized design parameters in terms of mechanical
and electric properties. The detector was installed in a dedicated diffractometer at the ST3 beam port of
the research reactor HANARO. In this paper, the fabrication and application of the prototype and a new
larger-area curved position-sensitive neutron detector for single crystal diffraction is presented.
Crown Copyright & 2013 Published by Elsevier B.V. All rights reserved.1. Introduction
Single crystal neutron diffraction is a very powerful technique
for crystallographic and magnetic structure studies. However, the
method has several drawbacks: the necessity of high neutron ﬂux
at the sample position, a much larger single-crystal specimen
volume (usually 10 mm3) than required by X-ray analysis, and
low data throughput, even under those conditions. Therefore,
experiments employing this technique are typically very time-
consuming and relatively complicated compared to powder dif-
fraction work, since several hundreds to thousands of Bragg peaks
are usually collected for each set of environmental conditions such
as temperature, pressure, magnetic ﬁeld, and electric ﬁeld. To
overcome these restrictions, we developed a large-area curved
two-dimensional position-sensitive neutron detector (C-2DPSD).
The ﬁnal objectives were an approximately 1 mm3 sample volume
and much faster measurement over a wider reciprocal space, even
for large unit cell systems with unit cell volumes of up to
30,000 Å3, by reducing the total measurement time to within a
practically available beam time.
A curved area detector is simply considered to be an extension
of a planar detector, but signiﬁcant technical advances are needed
in order to develop any curved detector structure. There are also13 Published by Elsevier B.V. All r
gmail.com (M.-K. Moon),
Kim), ynoda@tagen.tohoku.other neutron curved PSD type diffractometers such as BIX-3 and
BIX-4 [1,2] at the JRR-3 M, LADI and VIVALDI [3,4] at the HFR/ILL as
an image plate-based one in research reactor sites, and a gas
counter type PSD but with a different readout method such as PCS
[5,6] at LANL and D19 [7] at ILL. Most of these diffractometers
target a broad range of biological or protein structural studies and
work efﬁciently for unit cell volumes over ∼200 Å3 or larger.
The advantages of the image plate (IP) method are the very
large solid angle coverage and a high spatial resolution of ∼200 μm
in its signal counting and relatively a wide dynamic range of ∼105.
On the other hand, they are vulnerable to γ-ray background and
long time exposure and readout due to their integration detection
characteristics, which accumulates both signal and background
together over the whole time of exposure and sometime fading
effect, too. The MWPC is superior to the IP in terms of its high
signal to noise ratio due to its differential detection characteristic
and very low γ-ray background. Though the local maximum count
rate of MWPC is usually relatively low, less than ∼5104 s−1, its
dynamic range is large and reactor based neutron single crystal
diffraction signals fall properly within this signal range, and then
the wide solid angle coverage would be a remaining problem.
The curved MWPC type PSDs for PCS covering 1201151 angular
range with a radius of curvature of 70 cm at LANL and for D19
covering 1201301 with a radius of curvature of 76 cm at ILL have
been developed at BNL and ILL, respectively, and both of them were
utilizing independently operating segments. BNL applied 8 segments
polygon structure covering 1201 with resistive charge division on
cathode wires and strips and a sophisticated readout and decodingights reserved.
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with individual readout on vertical anode wires in X and resistive
charge division on cathode strips together with a sophisticated
position decoding fast electronics. Both the curved PSDs are highest
performance ones in their kind of detectors but they require heavy
engineering in their mechanical structures and assembly process, and
a highly sophisticated electronics system for signal processing and
position decoding. This could have been a big hurdle for their wider
applications. When we start to develop our detector covering
1201601 angular range for research reactor based single crystal
diffraction studies, we analyzed the requirements for the detector in
terms of spatial resolution and maximum local and global counting
rates in awide range of experiments done and thenwe could conclude
to develop more simpler structure of the detector and electronics
readout by adopting the delay-line encoding and single segment
cathode. Though the delay-line readout method requires a high speed
time-to-digital converter (TDC), it is a much simpler conﬁguration
than those two detector systems, and the much simpler wire frame
structures mean a rigid and low cost construction and long-term
stable operation with little maintenance efforts, too.
In addition to a conventional four-circle neutron single crystal
diffractometer with a tube detector, i.e., zero-dimension, we also
tested the measurement feasibility by fabricating and applying a
ﬂat, two-dimensional detector with a delay-line readout method
with an effective window area of 1919 cm2 [8]. A conventional
ﬂat 2DPSD generally consists of two wire-frame cathode planes
and a wire-frame anode plane, as shown in Fig. 1(a). Our ﬂat
2DPSD has the same structure, and covers an active angular range
of 171171 in the 2θ and χ directions, under a four-circle
geometry. Based on experience using this ﬂat-area detector, we
concluded that the ﬁnal version of the curved-area detector should
be much larger, ideally covering the angular range of 1501601 in
the 2θ and χ directions, with a radius of curvature approximately
530 mm. At that time, it was too wild a scheme to challenge one
with that large an area straight from a small ﬂat area detector. For
the mechanism of C-2DPSD, several ideas were used. One was to
use a 1DPSD vertical way and multi-1DPSDs are arrayed and
composed in a curved two-dimensional detector. The other was
to use a very thick wire as a curved anode to maintain its shape,
especially for C-1DPSD. There is no well-established way to
fabricate a C-2DPSD yet. We therefore decided to ﬁrst attempt to
fabricate a prototype to demonstrate the feasibility of a curved
structure of a relatively medium-sized dimension, and to buildFig. 1. The internal wire frame structure of (a) a conventional two-dimensional positio
directions of the prototype and (c) the three frames of mixed structure of wire and striexperience in using such a detector for structural studies. After-
ward, we fabricated a ﬁnal version of a larger C-2DPSD. The delay-
line readout method was maintained. In this report, we describe
the fabrication, characteristics, and operation of both the proto-
type and the newer, larger, C-2DPSD.2. Design, fabrication, and testing of the prototype curved PSD
Based on speciﬁcations from the application of a small-area, ﬂat
2DPSD for single-crystal neutron diffraction, we developed two-
dimensional position-sensitive neutron detectors with a large area
and curved shape in the horizontal direction. First, we developed a
prototype C-2DPSD with a 650470mm2 linear active area and a
radius of 550 mm, which covers 751 horizontally and 501 vertically.
The prototype had a pad structure of cathode planes for the required
curved shape and structure easily, as shown in Fig. 1(b) [9,10]. The key
concept is that the cathode planes for the X- and Y-directions are
monolithically fabricated on a single printed-circuit board plate to be
bent horizontally. This prototype C-2DPSD was fabricated to evaluate
the feasibility of the pad structure for C-2DPSD and functionality with
performance toward a much larger area detector that can cover a
diffraction angle of ∼1501. The prototype delivered good, stable
performance for neutron diffraction measurements, but has an
unexpectedly long total delay-time of 370 ns for the detector owing
to the large intrinsic capacitance of the cathode planes, which have a
pad structure and cover the large area.
We also sought to test the technical feasibility of the detector
parameters such as the material and mechanical structure, novel
anode and cathode plane build-up in a curved geometry, technical
difﬁculties in the assembly procedure for a large, heavy detector, i.
e., a general optimization of the design parameters in terms of the
mechanical and electric properties. The most difﬁcult technical
aspects of this prototype fabrication were the required accuracy
and mechanical stability in the machining, assembling, and accu-
rate and precise assembly of the anode wire plane together with
the cathode pad planes. These difﬁculties affected every stage of
the detector construction, from the design and mechanical analy-
sis to the ﬁnal assembly.
After a repeated analysis by a ﬁnite element method (FEM),
many of the mechanical parameters were adjusted, such as the
window thickness and enforcement structure, in which two
stiffeners were added to provide structural reinforcement. Aftern-sensitive detector, (b) pad structure of cathode planes in both X- and Y-readout
ps of the new larger C-2DPSD.
Table 1
Comparison of design parameters between the prototype and ﬁnal curved two-
dimensional position-sensitive detector.
Parameter Prototype C-2DPSD Final C-2D PSD
Effective coverage area 629441 mm2 937520 mm2
Detection angle (hor.
ver.)
701451 1101601
Detector radius 550 mm 530 mm
Detection depth 22 mm 33 mm
Detection gases and
pressure
3He 3.6 bar+CF4 1.5 bar 3He 5.0 bar+CF4 1.5 bar
Target efﬁciency at 1 Å 40% 45%
Window thickness 8-mm-thick Al 10-mm-thick Al
Detector weight ∼110 kg ∼200 kg
Readout method Delay-line with single
segment
Delay-line with single
segment
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vacuum and pressure sealing tests were ﬁnished, a sequential
procedure of gas injection and plateau measurement was repeated
up to a gas pressure of 3He 3.6 bar and CF4 1.5 bar, totaling 5.1 bar
in absolute value. Then, the anode high voltage bias and drift bias
were determined to be 3400 V and −800 V, respectively. Although
the total delay time was much longer than the design parameter,
all other characteristics showed good performance, as expected.
The maximum counting rate of this detector combined with its
TDC (time-to-digital converter) based counting electronics was
∼200 kcps at 10% dead-time owing to the long total delay time, but
this was estimated to be sufﬁcient for single-crystal neutron
diffraction application at the reactor source. The measured size
of the active detector area was 629441 mm2, and the angular
range was ∼701451 in the 2θ and χ directions, for a radius of
curvature ∼550 mm. The early result of this prototype C-2DPSD
was presented at the international conference previously [2,3].
The prototype C-2DPSD was ﬁrst installed at the HANARO four-
circle detector (FCD) port for operational and diffraction measure-
ment testing using NaCl at room temperature and MnF2 under a
closed-cycle refrigerator sample environment for low-temperature
measurement. Once we were conﬁdent in its rigidity and stable
operation characteristics, the prototype C-2DPSD was transported
to the single-crystal four-circle neutron diffractometer (FONDER)
port at JRR-3M, Japan, for various diffraction measurements, and
software development of raw data preprocessing and evaluation of
the code [11].
About 6 months of fabrication and a subsequent 1.5 years of
characteristics testing and operation for diffraction measurements
with this prototype C-2DPSD in the research reactors, HANARO,
Korea, and JRR-3M, Japan, have developed a deeper understanding
of the internal structure of a wide area detector and the continued
technical development of raw data preprocessing for single-crystal
neutron diffraction experiments.
Although the ‘curved’ structure worked as designed, the char-
acteristic capacitance from the overall detector volume was much
larger than the designed value owing to the cathodes' conﬁguration.
The other detector parameters and the long-term operational stabi-
lity showed a very good performance, actually exceeding our
expectations. We therefore decided to develop a larger-area C-2DPSD
with a targeted angular range of 1501601 in the 2θ and χ directions.
But the ﬁnally implemented large C-2DPSD has a linear active area of
937520 mm2 and an active angular range of 1101561 in the 2θ
and χ directions, with a nominal radius of curvature of the anode of
530 mm, as shown in the next section.3. Design and fabrication of the ﬁnal large-area curved PSD
Through the experience of designing, fabricating, and perfor-
mance testing of the prototype C-2DPSD in ﬁeld operations at the
HANARO FCD and JRR-3M FONDER under a diffractometer conﬁg-
uration for over ∼1 year, the basic concept of the curved C-2DPSD
was validated. Therefore, we attempted to develop a much larger-
area C-2DPSD, covering 1101 horizontally and 601 vertically. We
modiﬁed the cathode plane structure, as shown in Fig. 1(c), to
reduce the long total delay-time of the prototype. The key
conceptual change was that the X-cathode plane and the anode
plane are wire-frames in the vertical direction, and the Y-cathode
frame consisting of horizontal strips on a single PCB plate is bent
into a curved plane. That is, we changed the structure to have
separate cathode planes both in the X and Y directions. Several
customized tools and jigs for assembling the heavy detector body
were built and improved based on our experience in handling the
prototype. We modiﬁed the detector's mechanical and physical
parameters to adjust for the much larger area and volume of theﬁnal full-scale C-2DPSD, as speciﬁed and compared with the
prototype in Table 1.
Several stages of mechanical structure design with an FEM
stress analysis were performed to predict the maximum deforma-
tion under various conditions during the assembly process and
under operating conditions, as even relatively slight deformations
can strongly affect the wire tension of the anode and the cathode
frames inside the detector box. Based on these simulations, the
ﬁnal design had a horizontal covering angle of 1101, with a
nominal radius of curvature of the anode of 530 mm. This enabled
a single segmented delay-line arrangement. This makes all of the
counting electronics and the interface to the data acquisition
system simple, cheap, and robust in both the initial investment
and long-term maintenance. Although the horizontal angular
coverage of 1101 is somewhat less than the initial design objective
of 1501, we can rotate the detector unit around the sample table to
cover the entire diffraction range from low to high angle.
To investigate the long-term mechanical rigidity and stability of
the detector, we performed a very detailed analysis of the possible
deformation and position displacements using FEM, and semi-
circumference mechanical stiffeners were added to the upper and
lower sides of the detector front to reduce the deformation of the
chamber. As a result, the displacement of the detector under 6 bars
of gas pressure was less than 0.4 mm at the middle of both regions
of the detector window, as shown in Fig. 2.
The detection chamber and window are made of aluminum
alloy (6061-T6), and the window thickness is 10 mm, which has a
transmission of ∼95% for 1 Å thermal neutrons. The anode plane is
made of 10 μmϕ gold-plated tungsten wires, and the spacing
between anode wires is 3 mm. The cathode plane in the X-
direction has the same structure as the anode, and the cathode
plane in the Y-direction is made of 3-mm-wide gold-plated copper
strips spaced by 1 mm, etched on a printed circuit board. Each
node of the cathode planes is connected to a tap of a lumped delay
line unit, which has a 39 pF capacitor, a 95 nH inductor, Zo¼50 Ω,
and a unit delay of 1.8 ns/tap. The total delay-time in the X-
direction was conﬁrmed to be 270 ns, the design value. The
aluminum-based bent frame was attached tightly to each of the
wires frames and assembled into the detector box body one-by-
one, as shown in Fig. 3.
Before the wire frame build-up process, the detector chamber
was equipped with hermetic connectors and assembled without
any internal structures for leak testing, and its stress deformation
was measured under vacuum and working pressure conditions.
Any deformations measured in the environmental temperatures
over an ∼1 month period resulted in lower values compared with
the FEM results. The preliminary cleaning of the wire frames,
including all detector components, was done in a clean bench, and
Fig. 2. Three-dimensional shape of the C-2DPSD (left) and FEM stress analysis result (right) of maximum displacement of the detector chamber of less than 0.4 mm under
6 bars of gas pressure.
Fig. 3. Photo showing the assembly process of the anode wire frame (left) and cathode strip frame (right) in a clean-room.
Fig. 4. Functional test at the laboratory (left) and installation at the FCD diffractometer site (right) for in-beam testing.
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1,000 clean-room, as shown in Fig. 3.
After ﬁnishing the assembly of the detector, the usual initial
testing procedure was performed. First, we did a series of ﬂushings
using Ar and He gas after leakage testing, and then injected He-3
gas to a low pressure of ∼0.1 atm. Detector plateau features were
measured, and the overall uniformity and local defect spots were
surveyed using a laboratory neutron source, as shown in Fig. 4.
Additional He-3 gas including CF4 quenching gas was then put into
the detector chamber at up to 1 atm, resulting in a neutron
detection efﬁciency of around 20% at 1 Å. The detector was
maintained under normal operating conditions, and its plateau
was measured repeatedly over a one-month period at the detector
laboratory. The detector was then moved into the HANARO reactor
for temporary installation at the four-circle diffractometer (FCD)
for in-beam testing (Fig. 4). It was thereafter used for diffractionmeasurements and the technical development of data preproces-
sing and a correction procedure establishment from time to time.
This new C-2DPSD has a much better performance overall and
complies with the design goals, which were mainly intended for
single crystal diffraction. The detector may enable sufﬁciently fast
kinetic measurements for powder phase diffraction, and has
shown stable operation under a dedicated neutron diffractometer
installation for the last ∼1.5 years at the ST3 beam port, HANARO.
There were two primary objectives for the large C-2DPSD after
the prototype experience. The ﬁrst objective was to expand the
detector's coverage to a solid angle of 1101561 in the 2θ and χ
directions, with a nominal radius of curvature of the anode of
530 mm and a reasonably short total delay-time of its readout
cathode planes. The second objective was to maintain the detec-
tor's long-term mechanical rigidity and operational stability. We
also take the dedicated diffractometer speciﬁcations into
M.-K. Moon et al. / Nuclear Instruments and Methods in Physics Research A 717 (2013) 14–2018consideration for the dimension of this new larger C-2DPSD for
one of its applications on large unit cell systems of organic
compounds to bio-materials, and so it now carries the project
name of Bio-D at beam port ST3 of the research reactor, HANARO.Fig. 5. Counting plateau measurement of the new larger C-2DPSD using a
monochromatic beam at the Bio-D.
Table 2
C-2DPSD parameters.
Active area 937 520 mm2, single segment
Angular coverage 1101 (curved) in X- and 541in Y-directions with a radius of
encoding
Position encoding MWPC, delay-line readout on cathode wires and strips tota
Position decoding Fast TDC with CFD with a timing resolution of 128 ps
Position resolution 3.16 ch (6.4 mm) in X and 2.66 ch (4.8 mm) in Y
Maximum signal
counting
500 kcps global, ∼0.5 kcps/mm2 in local rate
Detection gas mixture 3.9 atm 3He+0.7 atm CF4
Detection depth 3.4 cm
Gas multiplication 1,000
Detection efﬁciency 35%@1.153 Å, 44%@2.204 Å
Differential non-linearity o 5%
Integral non-linearity o 3%
Fig. 6. Spatial resolution measurement using a Cd mask of a 34 array of 1 mmϕ holes
(b) and (c) plot the intensity proﬁles along the X- and Y-directions, respectively.4. Functional test and performance results
WE used a larger C-2DPSD under a monochromatic neutron
beam of 1.31 Å at the FCD-port, and measured its working
performance, counting plateau, and background characteristics
using the diffraction spots from an NaCl single crystal each time
it was used. Approximately 1 year later, we installed the detector
in its dedicated diffractometer station at the ST3 tangential beam
port at HANARO, and we could then inject ∼45 more liters of He-3
gas to reach a total pressure of 4.6 atm. The detector character-
istics showed an anode high voltage bias of around +2550 V, as
shown in Fig. 5, a drift voltage of −600 V according to the plateau
measurement, and a detection efﬁciency of about 30% at 1 Å. We
can inject up to ∼70 more liters of additional He-3 gas (a total of
∼215 l of gas and 6.5 atm in absolute pressure, or 5.5 atm in
relative pressure), and the expected detection efﬁciency would
be ∼45% for 1 Å neutrons.
The spatial resolution of the large C-2DPSD was measured
using a Cd mask of 34 holes of 1 mmϕ at a 10 mm pitch, as
shown in Fig. 6. A direct beam with an attenuator was irradiated
through these pin holes, and the size of the direct beam almost
covered a 33 array of holes. The dots with lines in Fig. 9(b) and
(c) show intensity proﬁles along the centerline of the holes in each
direction, and the red lines show typical Gaussian ﬁtting over the
4 peaks in the X-direction and 3 peaks in the Y-direction.
The measured spatial resolutions in FWHM were estimated to be
6.4 mm (3.16 channels) in the horizontal X-direction and 4.8 mm
(2.66 channels) in the vertical Y-direction. The measured key
parameters of the detector C-2DPSD are summarized in Table 2.
The dedicated diffractometer, now called Bio-D, shown in Fig. 7,
had a Ge(331) monochromator at a take-off angle of ∼401 at thecurvature of approximately 53 cm 400 ch in X and 252 ch in Y under 512 ch
l delay-time in X of 240 ns, and in Y of 170 ns
at 10 mm pitch (a) shows a contour plot of the measured intensity distribution, and
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at ∼0.89 Å with a relatively low ﬂux for various uses. Later in the
summer of 2011, the monochromator was changed to a Ge(311)
mosaic monochromator, which can produce 1.153 Å and 2.204 Å
with much higher ﬂuxes for practical diffraction measurements.
Along with the C-2DPSD development, raw data preprocessing
software development for single-crystal neutron diffraction has
evolved continuously, and around the installation of Bio-D, its
stable packaging version, now called a Reciprocal Analyzer, with
modular functional codes for each data handling process from the
raw image data to an intensity data list for a structural analysis has
been done [12]. The position decoding of the detector signal uses a
delay-line method, and a high speed TDC module is a central part
of the counting electronics [13]. The TDC module produces each
measured data frame of 1 MB with a 4-byte format at each pointFig. 7. Final C-2DPSD installed at the diffractometer, Bio-D.
Fig. 9. Typical example showing a powder diffraction measurement from a 2 mmϕ fer
referred to the web version of this article.)when 512512 channel mode is selected. This means that one
complete data set would be 1.8 GB when measurements are taken
at 0.21 steps per frame over 3601 of rotation. The raw data
preprocessing software converts this raw image data information
into a reduced data image frame of 512290 channels with a
2-byte format, i.e., ∼297 kB/frame, without any loss of information,
based on the observation of the active area of 395244 channels
over a full memory area of 512512 channels. Thus, the 1.8 GB
data set becomes ∼0.5 GB, making data processing much faster
and lighter. The conversion factors under the diffractometer
conﬁguration from the detector channel in the X-direction to
linear distance and to angular distance are ∼2 mm/ch and
∼0.2611/ch, respectively.
A typical example of a Bragg spot image from a YMn2O5 single-
crystal diffraction measurement using C-2DPSD is shown in Fig. 8.
This is one of 450 data images accumulated for a crystal rotation
angle from 01 to 901 for the purpose of a ∼1 cm3 big crystal check.
The green boxes in the image show peaks searched by the
automatic peak search module. A detailed description of theFig. 8. Typical example of a Bragg spots image from a YMn2O5 single-crystal
diffraction measurement by C-2DPSD. Data were accumulated for a crystal rotation
angle of 0.21.
rite rod. (For interpretation of the references to color in this ﬁgure, the reader is
M.-K. Moon et al. / Nuclear Instruments and Methods in Physics Research A 717 (2013) 14–2020software package and its application to a crystallographic and
magnetic structure analysis will be published elsewhere.
Fig. 9 shows a typical example of powder diffraction measure-
ments from a 2 mmϕ ferrite rod in very short and quite long time
base, which was used to test the capability of measuring rapidly
changing phenomena for industrial purposes. The lower plot
shows a histogram over the horizontal direction, i.e., the diffrac-
tion scattering angle, summed up over only 10 channels in the
vertical direction. Based on the measurements recorded from the
ferrite test sample and its evaluation, it was concluded that rapidly
changing kinetic measurements at up to ∼sec may be possible
owing to the relatively fast counting electronics and whole-
pattern-at-once measurement capability of the C-2DPSD.
Combining the high throughput from the large area of the
C-2DPSD with the use of two different wavelength monochromatic
beams, the diffractometer can be utilized for structural studies of
materials with a wide range of unit cell sizes, from small unit cell
materials such as metals and oxides with unit cell volumes of
∼30 Å3 to relatively large unit cell materials such as organic
compounds or small biological materials with unit cell volumes
of ∼30,000 Å3.5. Conclusion
A new large-area curved two-dimensional position-sensitive
detector using a delay-line position decoding method for single
crystal neutron diffraction has been developed based on experiences
accumulated during prototype fabrication and ﬁeld use. The
C-2DPSD's active area is twice that of the prototype, and the effective
coverage angle is 1101 in the horizontal direction and 541 in the
vertical direction around a sample position with a nominal radius of
530 mm. This C-2DPSD has a modiﬁed internal wire frame structure,
which is, sequentially from the window, a wire-frame cathode plane
in the X-direction, wire-frame anode plane, and vertically spaced
stripe-patterned cathode plane in the Y-direction. The total delay
time was 270 ns, as designed. The functional properties and char-
acteristics of the detector, determined on the basis of plateau and
uniformity measurements and various diffraction measurements,
show good and stable performance for over ∼1.5 years, and its overall
measuring capability shows promising conﬁdence for dedicated
diffractometer construction. We therefore constructed a diffract-
ometer equipped with this large-area C-2DPSD at the beam port
ST3, HANARO research reactor, in 2011. This diffractometer, under a
project named Bio-D, is now in the ﬁnal stages of commissioning.Combining the high throughput from the large area of the C-2DPSD
with the in-house developed powerful, effective raw data processing
software package should enable structural studies of materials with a
wide range of unit cell sizes, from small unit cell materials such as
metals and oxides with unit cell volumes of ∼30 Å3 to relatively large
unit cell materials such as organic compounds or small biological
materials with unit cell volumes of ∼30,000 Å3. The details of such
application to the crystallographic and magnetic structure analysis
will be published elsewhere.Acknowledgments
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